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Figure 6 ShcC downregulation negatively affects tumorigenicity in vivo. (a) Cells transfected with the miR RNAi vector for SheC
(miSheC) and LacZ (mil.acZ) that also contains an EmGFP coding sequence for co-cistronic expression with the pre-miRNA were
cultured in medium containing blasticidin (Invivogen) for only | week, and then mixed. Multichone cells for LacZ and SheC were
analysed for the ability of anchorage-independent growth using soft agar assay by 1 x 10* cells per a well of six-well plate for 3 weeks
{as described in previous report: Miyake er al., 2005). The results represent the average value ( 25.d.) of three replicated experiments.
(b) Expression levels of SheC in clones of TNB-1 cells stably transfected with miR RNAi expression vector for LacZ (milacZ-1 and
miLacZ-2) and SheC (miSheC-1, -2 and -3) were detected by western analysis using ahSheC (as described in “Materials and methods”).
(¢) Nude mouse tumors derived from two clones of LacZ miR RNAi and three clones of SheC. Upper panel: Photographs of’ tumors
from nude mice at 6 weeks after subcutaneous injections of 5x 10* cloned cells (bar: 20mm); lower panel: ability of in vivo
tumorigenicity is shown by average weight (£ ) of four tumor derived from each clone, () ShcC-knockdown cells show tendency to
apoptosis in vivo. Upper panel: Photographs of a cross-section of cach tumor tissues from miLacZ-1 and miSheC-2 using microscope at
a magnification of x 400, that were stained with hematoxylin and eosin (HE), diaminobenzidine (DAB) by terminal traual’m dUTP
nick-end labeling (TUNEL) assay and anti-Ki-67 antibody (bar: 25 um); lower panel: the tendency to apop was d d as the
number of positive stained cells per 1000 tumor cells in TUNEL assay and the proliferating activity was indi as the labeling index
of Ki-67 by counting 1000 tumor cells. The data show the average scores 5.d. of positive cells in three diffm:‘lt areas of each slide.
Staining of each sample was owing to the procedure by SRL Inc.

International Neuroblastoma Staging System and N-Mye
amplification (> 10 copy) accepted as a poor prognostic risk
factor was checked before clinical intervention.

Reagents

The polyclonal antibodies against the CH! domain of human
SheC (amino acid 225-324):xhSheC were generated by the
same method as described previously (Miyake er al., 2002).
Polyclonal antibodies of human ShcA:ahShcA were prepared
as described in previous reports (Miyake ez al., 2002).

Other antibodies were purchased as follows: antiphospho-
tyrosine antibody (4G10) (Upstate Biotechnology Inc.,
Charlottesville, VA, USA), anti-ShcA/SheC monoclonal anti-
bodies: aSheA /aSheC (BD Transduction Laboratories, San Diego,
CA, USA), anti-a-tubulin antibody (Zymed Laboratories,
San Francisco, CA, USA), anti-p44/42 MAPK (ERK]1/2), anti-
phospho-p44/42 MAPK (P-ERK1/2), anti-Akt, and anti-
phospho-Akt (Ser473) (P-Akt) antibodies (Cell Signaling,
Danvers, MA, USA), anti-chromogranin A (ChrA) antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-
GAP43 antibody (Zymed Laboratories), anti-MAP2 antibody

(Santa Cruz Biotechnology), anti-c-Src antibody (Upstate
Biotechnology 1Inc.), anti-phospho-Src  family antibody
(Tyrd16) (Cell Signaling), anti-Grb2 antibody (BD Transduc-
tion Laboratories), anti-T7tag antibody (Novagen, San Diego,
CA, USA) and anti-Flag M2 antibody (Sigma). As secondary
antibodies, horseradish peroxidase-conjugated anti-rabbit and
anti-mouse IgGs (GE Healthcare, Buckinghamshire, UK) were
used. All inhibitors used in this study (PD98059, LY294002,
PP2 and PP3) were purchased from Calbiochem, San Diego,
CA, USA.

Cell stimulation, immunoprecipitation and immunoblotting

Cell stimulation analysis with EGF (Wako) was performed as
described (Miyake et al., 2002). The cells were starved for 24h
and treated for Smin with EGF (100 ng/ml). As for stimulation
with collagen type 1, cultured cells with or without serum for
24h were detached from culture dishes by pipette treatment
and after the suspending condition for 30 min, seeded onto &
collagen type I-coated dish (Iwaki, Tokyo, Japan). Cells were
harvested after 2h using PLC lysis buffer. Control cells were
harvested before the attachment on the collagen I-coated
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surface. The immunoprecipitation and western analysis were
performed using the procedure described in a previous report
(Miyake er al., 2002).

Quantification and statistical analysis of expression levels of
SheClSheA
The intensity of each band obtained by western analysis was
measured using a molecular imager (GS-800; Bio-Rad,
Hercules, CA, USA) and standardized according to control
signals, such as the bands of TNB-1 and a-tubulin,

t-Test performed by Excel was used to evaluate the
significance of the two groups quantified expression levels of
indicated molecules.

Knockdown of ShcAISheC by RNA interference
For siRNAs, Stealth RNA duplex oligoribonucleotides
(Invitrogen, Carlsbad, CA, USA) was used to knockdown
ShcC/SheA protein. The following two 25-mer oligonucleotide
pairs for each molecule were available. As for SheC, CRI:
5-GCUGGCCAAAGCGCUCUAUGACAAU-3  (nucleo-
tides 141-165), CR2: §'-CCAAGAUCUUUGUGGCGCACA
GCAA-3 (nucleotides 2447-2471). As negative controls for each
oligonucleotide pair, ccl: GGCUCCAGAACGGCCUUAGU
AACAU-Y, cc2: GGAAACCGACAACUACGAUGUCAALU,
respectively. As for ShcA, ARIl: ¥-GGAGUAACCUGAA
AUUUGCUGGAAU-3' (nucleotides 335-359). AR2: 5'-GCCU
UCGAGUUGCGCUUCAAACAAU-Y (nucleotides 689—611).
As a negative control for each, acl: GGAAACCGUAAUAUU
CGGUGUGAA, ac2: 5-UGCCGCGAUUCGCGUUACAAC
UUAAU, respectively. As the other negative control for
universal siRNA, Stealth RNAi'Negative Control Duplexes
(Medium GC Duplex) (Invitrogen) was used (NC). Cells were
transfected with siRNA using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Cells (5 x 10° per
well of a six-well plate) in suspending condition were transfected
twice at 24 h interval (5l of 20 uM siRNA each) and analysed
48 h after second transfection.

A system stably expressing miRNA was generated using the
BLOCK-T Pol II miR RNAi Expression Vector Kit with
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CUB domain containing protein (CDCP1), a transmembrane protein
with intracellular tyrosine residues which are phosphorylated upon
activation, is supposed to be engaged in proliferative activities and
resistance to apoptosis of cancer cells. Expression level of CDCP1
was examined in lung adenocarcinoma, and its clinical implications
were evaluated. CDCP1 was immunohistochemically
ined in lung ad arcinoma from 200 patients. Staining
intensity of cancer cells was categorized as low and high in cases
with tumor cells showing no or weak and strong membrane
staining, respectively. MIB-1 labeling index was also examined.
There were 113 males and 87 females with median age of 63 years.
Stage of disease was stage | in 144 cases (72.0%), Il in 19 (9.5%), and
1l in 37 (18.5%). Sixty of 200 cases (30.0%) were categorized as
CDCP1-high, and the remaining as CDCP1-low. Significant positive
correlation was observed between CDCP1-high expression and
relapse rate (P < 0.0001), poor prognosis (P < 0.0001), MIB-1 labeling
index (P <0.0001), and occurrence of lymph node metastasis
(P=0.0086). There was a statistically significant difference in
disease-free survival (DFS) (P < 0.0001) and overall survival (OS)
rates (P < 0.0001) between patients with CDCP1-high and CDCP1-
low tumors. Univariate analysis showed that lymph node status,
tumor stage, and CDCP1 expression were significant factors for both
0S and DFS. Multivariate analysis revealed that only CDCP1
( ion was an independent prognostic factor for both 0S and
DFS. CDCP1 expression level is a useful marker for prediction of
patients with lung adenocarcinoma (Cancer Sci 2009; 100: 429-433).

Introduction

Sim:e 1985 lung cancer has been the most common cause of
cancer death in the world."” Non-small cell lung cancer
(NSCLC) comprises 75-85% of all lung cancers, and approxi-
mately two-thirds of NSCLC patients have advanced stages at
diagnosis. Despite the advances in the methods for detection and
treatment of lung cancer, prognosis of NSCLC patients still
remains unfavorable. Therefore, it is important to clarify the
mechanism of tumor biology, and establishment of effective
therapeutic modalities is essential to improve the prognosis in
NSCLC. Previous studies accumulated information regarding
the factors influencing prognosis in NSCLC. They include clinical,
pathological, and molecular factors.

CUB domain containing protein (CDCP1) was originally
identified as an epithelial tumor antigen by comparisons of
molecules expressed in lung cancer cell lines and normal lung
tissues.”” CDCPI is a transmembrane protein with three extra-
cellular CUB domains, which are important for cell-cell
interactions, and intracellular tyrosine residues which are
phosphorylated upon activation.”" Previously, we reported the

dol: 10.11114,1349-7006.2008.01066.x
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cpigenetic regulation of CDCP1 expression in the cell lines
derived from various malignancies and clinical samples of breast
cancer,® The CDCP1 expression level correlated with prolifer-
ative activities of breast cancer cells in the clinical samples.™
Very recently, CDCP1 was reported to protect cells from anoikis,
a form of apoptosis triggered by the loss of cell survival signals
generated from interaction of cells with the extracellular
matrix."” The knocked-down expression of CDCPl by RNA
interference abolished in virro colony formation and in vive
metastatic abilities of lung adenocarcinoma cell line A549.09
These findings showed that CDCP1 is required for protection of
cells from anoikis, and suggest an important role of CDCP1 for
tumorigenesis and metastasis, at least in cell lines. In the present
study, CDCP1 expression was immunohistochemically examined
in clinical samples from lung adenocarcinoma, and its clinical
implications were evaluated.

Materials and Methods

Patients and tissue samples. Two hundred patients who un-
derwent surgery for lung adenocarcinoma at Osaka University
Hospital during the period from January 1993 to January 2004
were examined. Clinicopathological findings in these 200 patients
are summarized in Table 1. There were 113 men and 87 women
with ages ranging from 33 to 82 years (median, 63). Resected
specimens were macroscopically examined to determine the
location and size of the tumors. The size of the main tumor
ranged from 8 to 70 mm (median, 24.5). The histological stage
was determined according to the 6th edition of the Union
International Contre le Cancer — TNM staging system."'" Histologic
specimens were fixed in 10% formalin and routinely processed
for paraffin-embedding. Paraffin-embedded specimens were stored
in the dark room in the Department of Pathology of Osaka
University Hospital at room temperature, and were sectioned at
4-um thickness at the time of staining. In some cases, total RNA
was extracted using RNeasy kit (Qiagen, Valencia, CA, USA)
with DNase 1 treatment. All patients were followed up with
laboratory examinations including routine peripheral blood cell
counts at 1- to 6-month intervals, chest roentgenogram, computed
tomographic scan of the chest, and endoscopic examinations of
the bronchus at 6- to 12-month intervals. The follow-up period
for survivors ranged from 5 tol54 months (median, 63). The
study was approved by the ethical review board of the Graduate
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Table 1. Summary of characteristics in 200 pulmonary adenocarcinoma
patients

Sex Number of patients
Male 13
Female 87

Tumor size (cm)
=5 12
<5 187

Lymph node metastasis
NO 159
N1 8
N2 29
N3 4

Stage
I 124
I 19
1] 37

Recurrence
Positive 60
Negative 140

Prognosis
Dead 41
Alive {(with recurrence) 24

Alive (with no recurrence) 135

School of Medicine, Osaka University. Informed consent was

CDCPI expression was immunohistochemically examined with
use of anti-CDCP1 (A,bcamud,Cmbndge.UK)mclmﬁﬁm-
sphorylated CDCP1 antibody. The antiphosphorylated CDCPI
antibody recognizes CDCP1 phosphorylated at Tyr734 and can
be used for immunostaining on paraffin-embedded sections."*'?
The proliferative activity of cancer cells was examined with
monoclonal lntibody MIB-1 (Immunotech, Marseilles, France),
recognizing the proliferation-associated antigen Ki-67. After
antigen retrieval with Pascal pressurized heating chamber (Dako,
Glostrup, Denmark), the sections were incubated with anti-CDCP1,
phosphorylated CDCP1 antibody and MIB-1, diluted at X200, %400
and x100, respectively. Then, the sections were treated with
biotin-conjugated antigoat IgG (Zymed, San Francisco, CA,
USA) for CDCPI staining, or with biotin-conjugated antimouse

IgG (Dako) for phosphorylated CDCP1 and MIB-1 staining.
After washing, the sections were incubated with the peroxidase-
conjugated biotin-avidin complex (Vectastain ABC kit, Vector

430

Fig. 1. Surface staining of COCP1-low (A and B)
and +high (C and D) cases, x400 (E) Real-time
reverse transcr
The amount of COCP1 mRNA was significantly
higher in immunohistochemically defined
CDCP1-high cases than in CDCP1-low cases. The
bar shows mean values of the amount of
CDCP1 mRNA. *P < 0.01

Laboratories, Burlingame, CA, USA), diaminobenzidine (Vector
Laboratories) was used as a As the negative control,
staining was carried out in the absence of a primary antibody.
Stained sections were evaluated independently by two pathologists
(J1 and EM). Generally, CDCP1 expression levels varied among
tumor cells in the same case. Suiningmunsityofmmoeﬂs
was divided into four categories; tumor cells with no (i

ative field was demonstrated in Fig. 1A), weak (Fig. IB),mo&m
(Fig. 1C), or strong (Fig. 1D) membrane staining. The intensity
of CDCPI expression in each case was defined by the major
population of staining as follows: cases with tumor cells showing
mmwmkmmhmsumngmu@nﬂmdasmnaw
and those showing moderate or strong membrane staining as
CDCP1-high, The MIB-1 index was defined as the
percentage of stained nuclei per 1000 cells. The cases were
divided into MIB-1-high and MIB-1-low groups using the median
as cut-off value.

Quantification of mRNA by realtime reverse transcription-
polymerase chain reaction (RT-PCR). To evaluate the ity of
CDCP1 immunostaining, expression level of 1 at mRNA
and protein levels was compared. For this, fresh frozen materials
were available in 13 of the 200 cases, Total RNA was extracted
using RNen"sgo kit (Qiagen, Valencia, CA, USA) with DNase
1 treatment. micrograms of total RNA was subjected to reverse
transcription using Superscript Il (Invitrogen, Carlsbad, CA,
USA). The mRNA levels for CDCP1 and glyceraldehyde-3-
pmmawdwym(ﬁmmgmmuﬁedm
TagMan Gene Expression Assays (Hs00224587_ml and 4310884E,
respectively; Apphed Biosystems, Foster City, CA, USA) as

recommended by the manufacturer. The amount of CDCP1
mRNA was normalized to that of GAPDH mRNA.

Statistical analysis. Statistical analyses were performed using
StatView software (SAS Institute Inc., Cary, NC, USA). The
Chi-square and Fisher's exact probability test were used to
analyze the correlation between CDCPI expression and clin-
icopathological factors in pulmonary adenocarcinoma. Kaplan-
Macmcthodsmeuudwcdm!mwuﬂmm(osnnd
disease-free survival (DFS) rate, and differences in survival

t prognostic factors. The P-values of less
than 0.05 were considered to be statistically significant,

Results

Tumor stages in the present patients were: stage T in 144 patients
(72.0%); I in 19 patients (9.5%); and 11 in 37 patients (18.5%).
The histological types of tumors were: bronchioloalveolar

doi: 10,1111/, 1349-7006.2008.01066.x
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Fig. 2. Localization of CDCP1 in lung adenocarcinoma.
Stained cells with 1 antibody (A), and antiphosphorylated CDCP1
antibody (B). Among the CDCP1-pesitive tumor cells, peripheral areas of tumor
cell nests were stained with antiphophorylated CDCP1 antibody, x 400.

(62 patients, 31.0%); papillary (48 patients, 24.0%); or mixed
bronchioloalveolar and papillary adenocarcinoma (90 patients,
45.0%). The 5-year DFS and OS was 78.7% and 80.6%,
respectively. Tumors recurred in 60 patients. Of these, 38
patients died due to the tumors.

To evaluate the specificity of immunohistochemical staining
for CDCP1 expression, quantitative real-time RT-PCR was per-
formed: levels of CDCP1 at protein and mRNA level
was compared in 13 cases (3 CDCP1-high and 10 CDCPI1-low
cases at immnohistochemical results). The amount of CDCP1
mRNA was significantly higher in cases with CDCPI-high
expression at immunohistochemistry than those with CDCP1-
low expression (P < 0.01, Fig. 1E). These results showed that
the immunohistochemical evaluation is a reliable method for
evaluation of CDCP1 i

Immunohistochemical detection of CDCP1 expression was
carried out in 200 lung adenocarcinoma tissues, Sixty of 200
cases (30.0%) were categorized as CDCP1-high, and the remaining
as CDCPI-low. Representative staining results were illustrated
in Fig. 1(A-D).

Intracellular tyrosine residues of CDCP1 are known to be

lated upon activation in vitro. To examine the locali-

zation of activated CDCP1, 43 cases of CDCPl-high lung
tissues were stained with antiphosphorylated

CDCP1. Phosphorylated CDCP1 was detected only in a small
portion of CDCP1-expressing cells (Fig. 2 A and 2B), which

Ikeda et al.

Table 2. Correlation between CDCP1 expression and dinicopathological

CDCP1 expression b
Low High

Tumor size (cm)

25 7 5

<5 133 55 0.3630
Lymph node metastasis

NO 120 39

N1 3 5

N2 15 14

N3 2 2 0.0086
Stage

| 110 34

] n 8

n 19 18 0.0059
MIB-1 labeling index

5% 56 as

<5% B84 15 <0.0001
Recurrence

Positive 23 37

Negative n7 23 <0.0001
Prognosis

Dead 17 24

Alive (with recurrence) 10 14
Alive (with no recurrence) 13 22 <0,0001

appeared to be localized to the peripheral areas of tumor cell
nests. Cells without CDCPI expression did not show any phos-
phorylated CDCP1 signals, indicating the specificity of the
antiphophorylated CDCP1 antibody. Phosphorylated CDCPI
was detected in 19 out of 43 cases: any significant clinicopatho-
logical differences were not observed between cases with and
without phosphorylated CDCP1.

features was cvaluated. Significant positive correlation was
observed between CDCP1-high expression and relapse rate
(P < 0.0001), poor prognosis (P < 0.0001), MIB-1 labeling
index (P < 0.0001), and occurrence of lymph node metastasis
(P = 0.0086). Other parameters including tumor size and stage
did not correlate with CDCP1 expression (Table 2). There was a
statistically significant difference in DFS rates (P < 0.0001) and
OS rates (P < 0.0001) between patients with CDCP1-high and
CDCPI-low tumors (Fig. 3).

Univariate analysis showed that lymph node status, tumor
stage, and CDCP1 ion were significant factors for both
OS and DFS (Table 3). The multivariate analysis revealed that
only CDCP1 expression was an independent prognostic factor
for both OS and DFS.

Discussion

Patient characteristics such as the (male preponderance),
age distribution (median age, 6th decades of life), and 5-year OS
of approximately 80% in the present study were similar to those
in a previous report on the lung adenocarcinoma.”® In addition,
the univariate analysis showed the prognostic significance of
occurrence of lymph node metastasis and stage of disease, as
reported previously."” These findings indicate that the results
obtained from the present cases are commonly applicable,
Among the clinicopathological factors examined, high CDCP1
expression level correlated with increased occurrence of lymph
node metastasis and mor relapse. A previous study using the
lung adenocarcinoma cell lines indicated a significant role of
CDCPI for anchorage-independent growth of tumor cells.!®

CancerScl | March2009 | wol 100 | no.3 | 431
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Table 3. Univariate and multivariate analyses of prognostic factors for overall and disease-free survivals

Overall survival

Disease-free survival

Univariate

Multivariate

Univariate Multivariate

Pvalue HR (95% Q)

0.672

HR (95% CI)
1.07
(0.79-1.43)

Tumar size
<0001 146
(0.85-2.50)
1.63
(0.87-3.06)

Lymph node status
Stage <0.001
MIB-1 labeling index

CDCP1 expression

0.235

2.89
(1.51-5.54)

<0.001

Pualue HR (95% CI) Pvalue

HR (95% CI)

mm
(0.86-1.45)
240
(1.82-3.17)
.77
(1.99-3.86)
1.44
0.77-2.69)
432
(2.31-8.08)

0.425
<0.001 143
0.84-2.40)
1.74
(0.95-3.20)

0.167 0.182

0.128 <0.001 0.074

0.250

0.001 3.04

(1.60-5.80)

<0.001

HR, hazard ratio; CI, confidence interval,

(A) 100

-

80 -

CDCPl-low

CDCP1-high

Disease-free survival (%)
&
1 1

| |
0 2 4 6 8 10 12 14

(B)
CDCPI1-low

CDCP1-high

Overall survival (%)
2
1 1

L N S i T L . O, L L ([
R 2 4 6 RN 12 4

years after surgery
?3. Kaplan-Meler plots of disease-free (A) and
patients.

Il survival (B)

The knocked-down expression of CDCP1 abolished ability of in
vitro colony formation in the A549 lung adenocarcinoma cell
line,"® In addition, when injected into nude mice, the number of
metastatic nodules was low in CDCPl-knocked down A549
cells as compared to parental A549 cells.”” Taken together with
the present results, CDCP1 appeared to play important roles for
metastatic and tumorigenic potentials of lung adenocarcinoma
not only in cell lines but also in clinical samples.

High CDCPI expression was correlated with MIB-1 labeling
index. Since the monoclonal antibody MIB-1 recognizes Ki-67
antigen that is expressed in cells during the cell cycle, except at
the GO phase, it can be applied to evaluate the proliferative

activities of cells. Previously, we showed the positive correlation
of CDCP] expression with MIB-1 labeling index in breast can-
cer cells.™ These findings indicate that CDCPI expression level
reflects a proliferative activity of cancer cells.

Intracellular tyrosine residues of CDCP] are known to be
phosphorylated upon activation, and the level of tyrosine
pbosphuyhﬁmismiamdvdthmempacityfamchouae
independence in A549 cells."” Immunohistochemically, phos-
phorylated CDCP1 was found to be localized to the peripheral
areas of tumor cell nests, Lung adenocarcinoma cells often show
bronchioalveolar growth in the periphery of the cancer tissues,
but such portions were almost negative for lated
CDCP! expression. lated CDCP1 was mostly present
in the umor cells to the normal tissues.
This was consistent with the report that phosphorylated
CDCPI is localized in the invasive front of gastric cancer.('d
Therefore, lated CDCP1 may play some roles for
tumor invasion, in addition to ce. The
staining for and non-phosphorylated CDCP1
demonstrated that most tumor cells expressed CDCP1 as a
non-phosphorylated form. This was consistent with the report by
Brown er al. that the phosphorylation of CDCPI is dynamically
balanced by Src-family kinase and phosphotyrosine
activities, yielding low equilibrium phosphorylation.® 1
contains three extracellular CUB domains, which might be
involved in cell adhesion or interaction with the extracellular
matrix.®” Non-phosphorylated CDCP1 may function as an
adhesion molecule.

Multivariate analysis revealed the high expression of CDCP1
to be an independent factor for poor prognosis for patients with
lung adenocarcinoma. Benes er al. reported that Src, which
mediates proliferation si in cancers, forms a complex with

CDCP1."” These findings indicate that overex-
pression of CDCP1 could stimulate tumor explaining
mmﬁmmmCPl-hig‘:;;sism
than that with CDCP1-low tumors.

In conclusion, high CDCP1 expression is an independent factor
for poor prognosis of patients with lung adenocarcinoma.
Further studies will be necessary to elucidate whether CDCP1
expression could be & useful marker for n of prognosis
in other types of cancers. CDCPI could be a molecular target

for cancer therapy.
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Association of Estrogen Receptor o and Histone Deacetylase 6
Causes Rapid Deacetylation of Tubulin in Breast Cancer Cells

Kotaro Azuma, Tomohiko Urano,” Kuniko Horie-Inoue," Shin-ichi Hayashi,’

Ryuichi Sakai,’ Yasuyoshi Ouchi,’ and Satoshi Inoue"™

Dy of 'Gi ic Medicine snd "Anti-Aging Med Grad: School of Medicine, The L y of Tokyo and
‘Growth Factor Division, National Cancer Center } Tolkyo, Japan; ‘D! of Gene R and
T H h for G i Saitama School, Saitama, Japan; and
"Dep of Medical Te gy, Course of Health School of Medirine, Tohoku University, Miyagl, Japan
Abstract (HDAC) in the treatment with antagonists. The deacetylation of

Estrogen receptor o (ERa) is @ nuclear receptor that functions
as a ligand-activated transcription factor. Besides its genomic
action in nuclei, ERce could exert nongenomic actions at the
plasma membrane. To investigate the mechanism underlying
the nongenomic action of ERa in breast cancer cells, we
generated a construct of membrane-targeted ERa (memER),
an expression vector of ERc without the nuclear localizing
signal and including instead the membrane-targeting se-
quence of Sre Kinase, MemER was stably expressed in human
breast cancer MCF-7 cells. Cell migration test and tumorigenic
assay in nude mice revealed that the in vitro motility and
the in vive proliferation activity of MCF-7 cells expressing
memER were significantly enhanced compared with those of
mmﬁuﬁmmumﬂmwnm
of tubulin in ER cells was lower than
ﬂnlinwnlroleells.“’efonndthﬂhmmdmhn
(HDAC) 6 translocated to the plasma membrane shortly after
estrogen stimulation, and rapid tubulin deacetylation subse-
quently occurred. We also showed that memER associated
with HDACS6 in a ligand-dependent Although tamox-
ifen is known for its antagonistic role in the ERa genomic
action in MCF-7 cells, the agent showed an agonistic function
in the memER-HDAC6 association and tubulin deacetylation.
These findings suggest that ERoc ligand dependently forms a
complex with HDAC6 and tubulin at the plasma membrane.
Estrogen-dependent tubulin deacetylation could provide new
evidence for the nongenomic action of estrogen, which
poltentially contributes to the aggressiveness of ERa-positive
breast cancer cells. [Cancer Res 2009:69(7):2935-40]

Introduction

Estrogen plays an essential role in various biological and
pathologic processes, particularly in the development of breast
cancer (1). Estrogen exerts its function by activating its
corresponding nuclear receptor, estrogen receptor a (ERx). ERa
is a ligand-dependent transcription factor that forms complexes
with coactivators and histone acetyltransferases in response to
agonists. The acetylation of histones changes the chromatin
conformation and activates transcription pathways. In contrast,
ERa forms complexes with corepressors and histone deacetylases

histones alters the chromatin conformation into a transcriptionally
inactive form. The expression status of ERx and its primary target
progesterone receptor is important in the management of breast
cancer, as ERa- and progesterone receptor-positive tumors are
known to respond to antiestrogenic treatment. Tamoxifen has been
used for years as a protolypic selective estrogen receptor
modulator for endocrine therapy in breast cancer.

Recently, it has been shown that ERa has an alternative function
that mediates specific signals through the association with
molecules outside the nuclei, in addition to its known activity of
transcriptional regulation (2), In vascular endothelial cells, estrogen
rapidly induces nitric oxide production by activating the phospha-
tidylinositol-3-OH kinase pathway (3). In osteoblasts and fibro-
blasts, ERa mediates an antiapoptotic effect by activating the
Sre-She-Erk pathway, predominantly through the action of the
activation function 2 domain (4). These phenomena are known
as nongenomic actions, which may be distinct from the classic
genomic actions of ERo because of their rapid time course and the
subcellular localization of the molecules interacting with ERo.

Ligand-dependent rapid phosphorylation of MAP kinases,
another example of nongenomic action by estrogen, has been also
revealed in ERa-positive breast cancer MCF-7 cells (5). We showed
pmdouslyt}mamhaetofmu in MCF-7 cells translocated to the

in resp to estradiol (E;), and the activation
function 1 (AF-1) domain of ERa interacted with polymerized
tubulin when the AF-1 domain of ERax was expressed at the plasma
membrane with the membrane-targeting signal (6).

Recently, HDAC6, a class IIB zinc-dependent HDAC predomi-
nantly localized in the cytoplasm, has been shown to deacetylate
tubulin (7). Tubulin is the major component of microtubules, which.
play a critical role in the cell migration, cell morphology, cell-cell
mt:mr:ﬂun. and tumor metastasis. In breast cancer, HDAC6

Xp was ind *h'lmsponsetoemomandl-IDACE
ion was reported as a poor prognostic factor (8). It has
hemdmﬁmthntth:mntﬂltyofbwutmurceﬂsmuldbe
enhanced by HDAC6 overexpression and reduced by the inhibition
of HDACS activity (9).

In the present study, we show a novel nongenomic action of
estrogen in breast cancer cells, as the membrane-localized ERa
associates with HDAC6 and causes rapid deacetylation of tubulin
in a ligand-dependent manner.

Materials and Methods

School of H:ml. I:fn;:k;; Bunkyo-ku, Tokyo
Tha Usiversity 751 “m 113-8655, Antibodies and reagents, Anti-Myc, anti-ERa (H-184), anti-HDACS, and
]hljll-la. ?llnl;r 81-3-5800-8652; Fax: 81-3-5800-6530; E-mail: INOUE-GER@ anti-HA polyclonal ibodies were purch R e "
©2009 American for Cancer R nology. Anti-FLAG M2 and M5 Jonal, ant} (B-5-1-2), and
doi:10.1158/0008-5472LCAN-08-3458 anti-acetylated-a-tubulin (6-11B-1) fbodies were purchased from
www.aacrjournals.org 2935 Cancer Res 2009; 69: (7). April 1, 2009
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Figure 1. Generation of MCF-7 cells stably expressing memER. A, schematic
representation of fullklength ERa and memER, B, Western blot analysis of
MCF-7 celis stably expressing memER (memER #1 and #2) and vector clones
(vec #1 and #2). Whale cell lysates were immunoblotied with anti-Myc and
antl-a-tubulin antibodies. C, immunocytochemistry of MCF-7 clones expressing
vec #1 and memER #1. Immunostaining with anti-FLAG (M2) antibody shows
membrane localization of ERa protein in memER #1 clona, DAPI emnnnu shows
the cell nuclel. Cells were visualized with fi i 8 600
magnification. The memER #1 clone stained with anti-FLAG anlbody hs enlarged
in the inset.

SIGMA. Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 594 goat
anti-rabbit 1gG were purchased from Molecular Probe. Horseradish
peroxidase-conjugated anti-mouse and anti-rabbit antibodies were pur-
chased from Amersham Pharmacia 17(-estradiol (E;) and tamoxifen were
purchased from SIGM.»\. HA- pepude was purchased from Roche,

Pl ids. M targeted ERa (memER) with FLAG and Myc
epitope tags (memERANLS-FLAG-Myc, memER) was generated in two

follows: full-length HDAC6 (full), 1-1215; AZnF, 1-998; ADD2-ZnF, 1-408;
ADDI, 409-1215; ADD1-DD2, 999-1215.

Cell culture and transfection. MCF-7, COS-7, and HEK293T cells were
maintained in DMEM with 10% FCS at 37°C under 5% COy MCF-7 and
293T cells were cultured in estrogen-starved medium (phenol red-free
DMEM with 5% charmallfdulrnn treated FCS) for 2 d before E,/tamoxifen
tr fection was perfi d using FUGENE 6 (Roche). To
establish subie transfectants, MCF-7 clones were selected using G418
(SIGMA) at & concentration of 800 ug/mlL.

Immunobloiting and i ipitation, [ bl
immunopreciptation were pcrfcrrntd n previously described {6] For
immunoprecipitation with the anti-HA antibody, aliquots of protein were
mhtod with antl—KA &gn.rw mnjugnle (SIGMA).

ytochemical
7

ing and

¥ lysis was performed
as describad (6). Nuclei were stained with 4',6-diamidi henylindol
(DAPL SIGMA) diluted with PBS (1:10,000) for 10 min, Cells we:e visualized
with & fluorescence microscope (KEYENCE) or Radiance 2100 confocal
microscope (BIO-RAD).

Cell migration assay. The cell migration assay was performed as
previously described (11). The number of MCF-7 cells migrating through
a polyethylene wrepillhlllu filter w1th Sqlm pores (Becton Dickinson)
in 24 h was i under

Cell proliferation assay. Cells wm seeded in 96-well plates at a density
of 1,000 cells per well. The viable cell number was quantified using
tetrazolium salt (WST-8) that could be d to a water-soluble fi
by metabolically active cells. Sf hotometric absorb for formazan
dyewmmndud&ﬂnmuﬂﬂubmrhmat&iimnumfm

In vive tumor growth assay. The in vive tumor growth assay
was basically performed as previously described (12). Four-week-old
female BALB/c nude mice were ovariectomized, and a 17p-estradiol pellet
(0.72 mg 90-d release; Innovative Research of America) was sc. trans-
planted in the right shoulder of each mouse. For s.c. implantation of tumor
cells, | million cells suspended in 100 uL nI'DMEMWﬂhE% FCS were mixed
with Matrigel and implanted in the left shoulder of ized nude
mice. Tumor size was weekly measured at 2 to 6 wk after implantation, and
tumor volume was determined using the tumor radius. Relative tumor
volume was determined by normalizing to the mean value at 2 wk after
implantation.

Statistical analyses. Diff between the mean values of memER-
expressing MCF-7 clones and vector-expressing clones were analyzed using
the Student’s ¢ test

Results

Establishment of cell lines stably expressing memER. To
analyze the function of membrane-localized ERa, we generated an
expression vector of memER that contains the NHj-terminal
membrane-localizing sequence derived from Src kinase and lacks
the NLS (Fig. 14; rel. 10). Src kinase is a nonreceptor tyrosine
kinase localizing at the plasma membrane with its myristoylated
NH,-terminal sequence. We established breast cancer MCF-7 cells
stably expressing memER and the control vector (Fig. 1B).
Immunocytochemical staining revealed that memER was predom-
inantly exprasscd at the plasma membrane (Fig. 1C).

Enh motility and in vive tumorigenesis of MCF-7 cells

steps. In the first step, an expression construct of ERa with an NHy inal
membrane-targeting sequence (derived from the NH; terminus of Src
kinase; MGSNKSKPKDASQ) and COOH-terminal FLAG and Myc tags was
generated. In the second step, the sequence coding the nuclear locallzing
signal (NLS, 256-303 amino acids of ERa; rel 10) was deleted with PCR-
based sited-directed mutagenesis from the plasmid generated in the
first step. The AF-1 and activation function 2 domains of ERa with the
NH,-terminal k and COQH-terminal FLAG

tag (memAF1 and memAFZ, resper:iivdy) were generated as previously
described (6). Deletion mutants of HDAC6 with the COOH-terminal HA tag
were generated by inserting HDACS amplicons in pcDNAS.1(—)/Myc-His B,
including the following amino acid numbers of the HDAC protein as

targeting
L

stably expr g ER. To elucidate the function of mem-
hmne-localized ERa, the motility of MCF-7 clones stably expressing
memER and control vector was evaluated The number of cells
migrating through the 8-um-pored polyethylene terephthalate filter
in 24 h was counted. The motility of memER overexpressing MCF-7
cells (memER #1 and #2) was significantly higher than that of
vector clones (vec #1 and #2; Fig. 24). To exclude the possibility
that the difference in the growth affected the cell migration, the
growth rate of each clone was measured. The growth rates of
memER overexpressing clones had not apparently increased

Cancer Res 2009; 69: (7). April 1, 2009
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Membrane ERa Associates with HDACE

compared with control cells (Fig. 28). Next, we investigated the
contribution of membrane-localized ER to in wive tumorigenesis
by using & nude mouse xenograft model. To avoid the effect of
endogenous estrogen production, nude mice were ovariectomized
and estrogen pellets were inserted s.c. The results showed that
tumors derived from memER clones (memER #I and #2) were
larger than those from vector clones (vec #1 and #2; Fig 2C and D).
Taken together, these results indicate that the overexpression of
memER facilitates cell migration activity in cultured cells as well as
in vive tumor formation of breast cancer cells.

Rapid tubulin deacetylation as a novel nongenomic action
of estrogen. We have previously revealed that tubulin could associate
with the membrane-targeted AF-1 domain of ERx in MCF-7 cells
(6). Tubulin is an important component of the microtubule network
that regulates cell motility, which could be enhanced by HDACE that
deacetylates tubulin (7). Thus, we investigated whether memER
overexpression could modulate the acetylation status of tubulin in
MCF-7 cells. Tubulin acetylation was reduced in memER-expressing
clones compared with vector clones (Fig 34).

We next assessed whether HDACS is involved in the regulation
of tubulin acetylation in breast cancer cells, To confirm tubulin
deacetylating activity of HDACS, exogenous HDAC6 was transiently
overexpressed in COS-7 cells and the acetylation status of
endogenous tubulin was evaluated. HDAC6

(2]

A
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through membrane / field
3 88

o
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-
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Relative tumor volume (fold)
~
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mem mem mem
ER WO gy WeTep

) Vec #1 -~
vec#z - !
50 4.0 |MEMER #1 —o- ]
" |memER#2 —&-
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4« 5 6
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Figure 2. Enhanced motility and in vivo

of MCF-7 cells expressing memER. A, enhanced motliity of memER-expressing MCF-7 cells. Number of cells
migrating through a nmyhnlwqﬂmh'll stained with

with B-um pores was counted for each clone. Top, cells on the lower side of tha filters were

a microscope. Representative views used 10 count the cells are shown at &8 %200 magnification. Magnified views
pores nﬁmmbmmm columns, mean number of cells counted in five fiekds: bars, SE. B, MemER expression does not

nmuymhmwpmlfuﬂmhtcmmmmn-mmmwwwwmwmmmmwﬁnw

mcm».deWu@mmmmmnmnmu(nsq.m& N.S,, not significant. C, growth of xenograft

derived from MCF-7 clones expressing memER is accelerated vector clones, Xenografts were established by s.c. kmhnﬂonu(MCF-?

mmmm.:mmmwmumw»m.ummwmmmnum«zwmmmm

relative tumor volume (vec #1, n = 4; vec #2, n = 3; memER #1, n = 4; mamER #2, n = 7); bars, SE. o.mdmummammumm

MCF-7 clones. Amowhead, tumor mass.
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Figure 3. Estrogen reduces tubulin acetylation and translocates HDACE to the
plasma membrane in MCF-7 celis. A, tubulin in memER-expressing MCF-7
clones is less acetylated. Whole call lysates of indicated clones were
immunobiotted with anti-Mye (top), anti-acetyl-a-tubulin (middle), and
anti-a-tubulin (; ). B, twbulin | activity of HDACE. COS-7 celis
were 'lranswnliy transfected with empty or HDACS-FLAG vectors, Cells were
lysed at 24 h afier transf 1 and immunoblotted with ant-acetyl-a-tubulin
(top), anti-a-tubulin (middie), and anti-FLAG (MS; bottorn). C, rapid
transiocation of HDACE to the plasma membrane in response 1o es!
MCF-7 cells were grown in an estrogen-starved medium for 48 h and treated with
17p-estradiol (Ez; 10 nmol/L) or vehicie (0.1% ethanol) for 15 min. Cells were
immunostained with anti-a-tubulin (green) and anti-HDACE (red) and visualized
with flucrescence microscopy at a x600 magnification. Concentration of
HDACE immunoreactivity at the plasma membrane is shown in Exstimulated
cells. Enlarged panels, magnified views of a part of the top paneis. Membrana
white heads) are shown in d paneils of Ex-stimulated
cells. D, rapid deacetylation of tubulin in MCF-7 cells with esirogen stimulation,
MCF-7 cells wers treated with Ez (100 nmollL), tamaxifen (TAM; 10 pmolL),
or vehicle (ET) for 15 min, Whole-cell lysates betfore (T = 0) and after drug
treatment were immunoblotied with anti-acetyl-a-tubulin (fop), anti-a-tubulin
(top middie), anti-ERa (bottom middie), and HDACE (bottom). The acetylated
level of lubulin is reduced in lysates from Ez- and tamoxifen-stimulated cells.

interact with the microtubule network and cause tubulin
deacetylation.

]'l < | dont

ciation of HDAC6 with ERcx. To prove
the hypothesm that ERa associates with HDAC6 at the plasma
membrane, memER and HA-tagged HDAC6 were cotransfected in
293T cells. An immunoprecipitation study verified the physical
interaction of memER and HDAC6 proteins in an E,-dependent
manner. Tamoxifen also induced a weak interaction between
memER and HDACG (Fig. 44).

To analyze the responsible domains for the association of
HDAC6 and memER, we generated a series of HA-tagged HDACH
expression vectors with various functional domains deleted
(Fig. 4B). HDAC6 includes two deacetylase domains (DD1 and
DD2) and one ubiquitin carboxyl-terminal hydrolase-like zine
finger domain (ZnF-UBP). A transfection study revealed that
these HDAC6 deletion mutants were expressed predominantly in
the cytoplasm (data not shown). As ERa deletion mutants, we used
memAF] and memAF2 expression vectors, including the entire A/B
region of ERx containing the AF-1 domain and the entire E/F
region containing the activation function 2 domain, respectively,
with an NHy-terminal membrane-targeted sequence. We previous-
ly showed that these ERax deletion mutants were predominantly
localized in the cytoplasm (6), The immunoprecipitation study
revealed that the membrane-targeted activation function 2 domain
associated with HDACS (Fig. 4C), and the DD2 domain of HDAC6
was responsible for the interaction with memER (Fig. 4D).

Discussion

Posttranslational modification is an important factor for the
regulation of protein structure and function. Phosphorylation by
protein kinases such as phosphatidylinositol-3-OH kinase and
mitogen-activated protein kinase has been shown to play a critical
role in estrogen-dependent nongenomic action. In the present study,
we show that estrogen caused the formation of the ERa-HDAC6-
tubulin complex at the plasma membrane and rapid tubulin
deacetylation in MCF-7 breast cancer cells. Our findings show a
novel aspect of estrogen nongenomic action that is regulated by
tubulin acetylation, which is distinct from the previously reported
mechanism dependent on protein phosphorylation.

In MCF-7 cells, estrogen-dependent tubulin deacetylation would
be one of the driving forces of cell motility, as the microtubule
network including tubulin is a critical element in cell migration.
Our findings are consistent with a previous report that HDAC6
overexpression caused tubulin deacetylation and enhanced motility
of breast cancer cells and the inhibition of HDAC6 activity reduced
motility (9). HDAC6 inhibition is also considered to decrease
turnover of focal adhesion, an interface between the cell membrane
and the extracellular matrix. Decreased turnover of focal adhesion
results in reduced cell motility (13).

It is also notable that memER accelerated tumor growth of
MCEF-7 cells in nude mice without enhancing cell proliferation
in vitro. In vivo tumor growth differs from in vitro proliferation in
the aspect that in wivo tumor growth requires several factors
including anoikis resistance, angiogenesis, and survival in the
hypoxic environment. Anoikis is a form of apoptosis caused by
absence of attachment to the extracellular matrix (14). It was
reported recently that HDACS is critical for anoikis resistance and
in vivo tumorigenic growth with human ovarian cancer SKOV3
cells (15). In another report, stability of microtubules was shown to
be associated with anoikis through alteration of the focal adhesion
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structure (16). Although the direct effect of tubulin deacetylation is
not evaluated in these reports, it is possible that deacetylated
tubulin affects focal adhesion turnover and regulates anoikis
resistance.

Because HDACG itself is reported as an estrogen-induced gene
and HDAC6 overexpression is shown to enhance cell motility (8, 9),
the estrogen-dependent up-regulation of HDAC6 could further
potentiate its enzymatic activity. In this case, the genomic action
of estrogen would promote its nongenomic action in MCF-7 cells.
In contrast, the tamoxifen-induced nongenomic action would
be unfavorable for the antagonistic function of this drug in the
genomic nction. We showed that tamoxifen also caused the
interaction of memER with HDAC6 and tubulin deacetylation in
MCF-7 cells. We assume that HDAC6-dependent tubulin deacety-
lation contributes to the increased cell motility and invasive
migration of breast cancer cells; thus, this nongenomic action of
the tamoxifen-induced tubulin deacetylation could be one of the
reasons for tamoxifen resistance in breast cancer treatment
Indeed, several clinical trials have shown the superiority of
aromatase inhibitors over tamoxifen in the first-line endocrine
therapy for postmenopausal women with both early-stage and
dv d breast (17, 18). There is also a report that has
shown tamoxifen-induced redistribution of ERa to the extranuclear
region and the activation of nongenomic action via the epidermal
growth factor receptor pathway (19), which would provide another
mechanism for tamoxifen resistance.

HDACE also deacetylates another cytosolic protein, heat shock
protein 90 (20). It has been shown that heat shock protein 90 could

be recruited to membrane ruffles, where deacetylated heat shock
protein 90 promotes cell motility (21). As there is a recent report
that ERa associates with deacetylated heat shock protein 90 in
breast cancer cells (22), HDACG6-dependent estrogen action may
also be mediated through the complex formation of ERa-HDAC6
with heat shock protein 90.

In conclusion, we have shown that estrogen exerts rapid actions
including the formation of the ERa-HDAC6-tubulin complex at the
plasma membrane and tubulin deacetylation. This nongenomic
action of estrogen could contribute to the malignant character
of breast cancer cells. These findings provide a new clue to
understand the mechanisms underlying the pathophysiology of
breast cancer and the resistance to endocrine therapy, and to
develop new molecular targets for breast cancer treatment.
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The RET is exp iina ber of neuro-
mmwmﬂlmmmminmmmmm
to be determined. In this study, we examined the roles of RET protein
in neuroblastoma by the RNA interference technique using the NB-39-
nunouublumulﬂlm Nb%ummmkmmw
pression and el horylation of RET, although
short interfering RNA against RET (RET siRNA) did not significantly
inhibit cell proliferation or suppression of basal levels of phosphory-
lation of extracellular regulated kinase (ERK)1/2 or protein kinase B
(AKT). By the addition of glial cell line-derived neurotrophic factor
{GDNF), both the expression and phuspharylaﬂonofl‘l&'rlnd‘lhl
phosphorylation of ERK1/2 and AKT were further increased,
cell proliferation was not stimulated under normal culture conditions.
However, proliferation of cells cultured under non-adherent conditions
was significantly increased by GDNF. The increased proliferation was
suppressed by RET siRNA, which also caused inhibition of the phospho-
rylation of ERK1/2 and AKT. These results suggest that RET signaling
plays an important role in GDNF-induced enhancement of non-
adherent proliferation of NB-39-nu cells, which might contribute to
the metastasis of neuroblastoma. (Cancer Sci 2009)G

ET is a receptor tyrosine kinase that is expressed in various
neurons including central motor dopmunu'gc and noradre-
nergic neurons as wellnspenphﬂ'nl enteric sensory and sympa-
thetic neurons. 3 The expressmn of RET has also been detected
in the mcsmcptmc and bran ureteric bud during embryo-
genesis of the kidney.!"¥ It has been shown that RET is required
for the development of the sympathetic, parasympathetic, and
enteric nervous systems as well as the kidney and testis.'
Dysfunctions of RET, which are caused by mutations of the gene,
lead 1o various neuroendocrine tumors or enteric disorders. Germ-
line gain-of-function mutations of RET are responsible for the
dominantly inherited cancer syndromes of multiple endocrine
ncuplasmtypeaZAwd?Bandfmudn!moduﬂmytbyrmdcu—
cinoma.*® In addition, somatic mutations or rearrangements of
R.Erhawa]snbemfuundmspmndacmedtmarylhmﬂmmom
and papillary thyroid carcinoma, respectively.”'® Loss-of-function
mutations in RET have been found in some cases of Hirchsprung's
disease characterized by severe constipation and intestinal obstruc-
tions during childhood.""'®

Neuroblastoma is the most common extracranial tumor in chil-
dren and is derived from sympathoadrenal linage of the neural
crest in which RET is expressed.”” Although RET is expressed
in most neuroblastoma tissues and cell lines and its overexpres-
sion has been reported in some cell lines, '™ its role in molecular
pathogenesis in neuroblastoma remains to be determined.

Glial cell line-derived neurotrophic factor (GDNF), a ligand of
RET protein, was originally purified as a growth factor promoting
survival of the embryonic dopaminergic neurons and exhibiting
a potent trophic factor for spinal motor neurons and central nor-
adrenergic neurons,"**” GDNF induces dimerization of RET in
the form of multicomponents with a coreceptor GFRo-1 and trig-
gers autophosphorylation of RET in its intracellular tyrosine kinase

doi: 10.1111/}.1349-7006.2009.01143 x
© 2009 Japanese Cancer Ascociation

domain. The phosphorylated tyrosines serve as docking sites for
signaling molecules such as She, FRS2, IRS1/2 and Dok1/4/5.%9
In neuroblastoma, it has been shown that cxtrwel.'lu.lar regulated
kinase (ERK), phosphoinositide 3-ki kinase B (AKT),

c-Jun N-terminal kinase, and ‘3,38MAP pathways are activated
mainly through tyrosine 1062, but their biological effects have
not been fully elucidated.

In this study, we investigated the biological role of RET in
neuroblastoma using the NB-39-nu neuroblastoma cell line, which
shows extremely high expression and elevated phosphorylation
of RET, by suppression of RET protein expression using RNA
interference (RNAI).

Materials and Methods

Cell line and culture. NB-39-nu, Nagai,™ and YT-nu®" were pro-
vided by the Carcinogenesis Division, National Cancer Center
Research Institute (Tokyo, Japan). NB-1 and TNB-1 were obtained
from the Human Science Research Resource Bank (Tokyo, Japan).
SK-N-5H was obtained from Riken Cell Bank (Tsukuba, Japan)
and TT was obtained from the American Type Culture Collection
(Manassas, VA, USA). These cell lines were maintained in RPMI-
1640 medium with 10% heat-inactivated fetal bovine serum,
100 units/mL penicillin, and 100 pg/mL streptomycin at 37°C
with 5% CO,,

Short interfering RNA. Short interfering RNA against human RET
(RET siRNA) was generated using a BLOCK-iT RNAi TOPO

iption Kit and BLOCK-iT Complete Dicer RNAi Kit (Invi-
trogen, Carlsbad, CA, USA) according to the manufacturer's
instructions. In the generation of RET siRNA, 805 bp from the
second nucleotide of the initiation codon of human RET was
chosen as the target sequence, and amplified by polymerase
chain reaction using human RET cDNA and the primers, 5~
tggcgaaggegacgieeggl-3” and 5'-cgagiogtectegtegtaca-3”. The
control LacZ siRNA was made using an expression plasmid
containing the lacZ gene and polymerase chain reaction primers
attached in the kit. Transfection was carried out with Lipofectamine
2000 (Invitrogen).

Antibodies and reagents. AMAnti-ERK1/2 antibody, anti-phospho-
ERK1/2 antibody (phospho-p44/p42 mitogen-activated protein
kinase antibody), anti-AKT antibody, and anti- -phospho-AKT
(Ser473) were from Cell Signaling ogy
(Danvers, MA, USA). Anti-RET (C-19) antibody and Chr-A
(chromogranin-A) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA), Anti-ct-tubulin (B-5-1-2) antibodies were
purchased from Sigma (St. Louis, MO, USA). Anti-GAP-43 was
purchased from Zymed Laboratories (San Francisco, CA, USA).
Anti-phospho-RET antibody was produced by immunizing rats
with a synthetic phospho-peptide corresponding to residues around
Tyr1062 of a long form of human RET. Horseradish peroxidase-
conjugated antimouse and antirabbit antibodies were purchased
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Fig. 1. (a) Expression of RET in various neurobl cell lines, Exp ially growing neuroblastoma cell lines NB-39-nu, Nagal, NB-1, YT-nu, SK-N-

SH, TNB-1, and a medullary thyroid carcinoma TT were harvested and the cell lysates subjected to Western blot

1 does not

lysis. (b) RET knockd

affect extracellular regulated kinase (ERK)1/2 or protein kinase B (AKT) signaling pathways in NB-38.nu cells. NB-39-nu cells (10 x 10%mL, 2 mLAwell) were

seeded In conventional 6-well plates in 10% fetal bovine serum containing RPMI-1640 medium, foll
(sIRNA) or RET siRNA at 0 h and 24 h, then harvested at 48 h for Western blot analysis. pAKT,

with LacZ short intefering RNA
lated AKT, pERK1/2, phosphorylated ERK1/2.

(¢, d) Glial cell line-derived neuratrophic factor (GDNF) enhances ERK1/2 and AKT signaling pathways in NB-39-nu cells in a RET-dependent manner. NB-
39-nu cells (10 % 10%mL, 2 mL/well) were seeded in conventional 6-well plates in 10% fetal bovine serum containing RPMI-1640 medium, followed by
treatment with LacZ siRNA or RET sIRNA at O h and 24 h. After the cells were harvested at 48 h, the adherent cells were cultured with GDNF (50 ng/mL)
for 24 h in conventional 6-well plates (c), while the non-adherent cells were cultured in 2-methacryloxyethyl phosphorylcholine-treated 6-well plates
(d). The treatment was terminated at 72 h by harvesting the cells for Western blot analysis.

from Amersham Pharmacia (Little Chalfont, UK). Human recom-
binant GDNF was purchased from Sigma.

Cell proliferation assay. Cell proliferation was analyzed by Tetra
Color One (Seikagaku, Tokyo, Japan) according to the manufac-
turer’s instructions. Briefly, 3 x 10° or 1 x 10 cells/well were
seeded in normal or low-cell-binding 96-well plates treated with
2-methacryloxyethyl phosphorylcholine (MPC; Nalge Nunc
International, Tokyo, Japan). The cells were cultured for 24 or
48 h with or without GDNF (50 ng/mL) then subjected to Tetra
Color for 3 h, followed by measurement for proliferation. The
absorbance of the samples was measured at 450 nm on a microplate
reader model 550 (Bio-Rad, Hercules, CA, USA).

Western blot analysis. The cell lysates were separated using
sodium dodecyl sulfate—polyacrylamide gel electrophoresis, and
transferred to a polyvinylidene difluoride membrane (Immobilon-
P; Millipore, Bedford, MA, USA). After blocking of the membrane
with blocking buffer (5% skim milk in TBST), the membrane was
probed with antibodies for detection. The membrane was further
probed with horseradish peroxidase-conjugated antirabbit or anti-
mouse IgG to visualize the reacted antibody.

Results

Expression of RET in various neuroblastoma cell lines. We first
estimated the levels of the expression and phosphorylation of
RET in various neuroblastoma cell lines and compared the esti-
mated levels with those of the TT medullary thyroid carcinoma
cell line, which carries gain-of-function mutation of RET at
C634W. Although RET was expressed in all six neuroblastoma
cell lines, the levels of expression and phosphorylation of RET
greatly varied among cell lines (Fig. 1a). Among the six neuro-
blastoma cell lines evaluated, two cell lines, NB-39-nu and Nagai,
showed a high level of expression and phosphorylation of RET,
which were comparable to or higher than those of TT.

GDNF enhances ERK1/2 and AKT signaling pathways in adherent
NB-39-nu cells in a RET-dependent manner. We next knocked down
RET expression to see the effect of activated RET signaling in
NB-39-nu cells, one of the two neuroblastoma cell lines that showed
a remarkable level of RET expression. As shown in Figure 1(b),
RET expression was dramatically suppressed by treatment using
RET RNAi, whereas phosphorylation of ERK1/2 and AKT, which

dol: 10.1111/,.1349-7006.2009.01143.x
© 2009 Japanese Cancer Association
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Fig. 2. Glial cell line-derived neurotrophic factor
(GDNF} enhances the cell growth of non-adherent
NB-39-nu cells but not of adherent cells. Cells
(3 x 10%mL, 2.5 mUwell) were seeded in conven-
tional or 2 oxyethyl phosphorylcholine-
treated G-well plates, and cultured with GDNF
(50 ng/mL) for 24, 48, 72, and 96 h. The cells were
harvested by trypsinization at the indicated time i

points, then cell numbers were measured using a 6 24
Coulter counter. Points, means of three replicates;
bars, standard deviation.
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Fig. 3. RET knockdown abrogates glial cell line-derived neuratrophic factor
(GDNF}-stimulated proliferation of non-adherent NB-3%-nu neuroblastoma
cells, NB-39-nu cells (10 x 10%mL, 2 mlAwell) were seeded in conventional
6-well plates in 10% fetal bovine serum containing RPMI-1640 medium,
followed by treatment with LacZ short interfering RNA (siRNA) or
RET SiRNA at Oh and 24 h. At 48 h, the cells were harvested and
seeded (3 x 10"mL, 0.1 mLwell) in ¢ lonal or 2-methacryloxyethyl
phosphoryicholine-treated 96-well plates with or without GDNF (50 ng/mL)
for 24 or 48 h. Cell proliferations were determined at the indicated time
points by Tetra Color One assay as described in Materials and Methods.
Columns, means of three replicates; bars, standard deviation.

have been reported to be universal downstream targets of receptor
tyrosine kinases including RET, were not significantly affected.
This suggests that these downstream signaling pathways are not
under the regulation of activated RET under normal culture condi-
tions. However, phosphorylation of ERK1/2 and AKT were signi-
ficantly enhanced by GDNF treatment in the existence of serum,
as indicated in Figure 1(c), and this enhancement was lost by the
knockdown of RET protein, indicating that ERK1/2 and AKT
signals were activated by the stimulation with GDNF in a RET-
dependent manner in this cell line, Phosphorylation of AKT and
ERK1/2 was also increased by stimulation of GDNF in the serum-
depleted condition after serum starvation, and the increased pho-
sphorylation of AKT was inhibited by RET knockdown, whereas
that of ERK1/2 by RET knockdown was not obvious (Fig. S1).

GDNF enhances cell proliferation of non-adherent NB-39-nu cells but
not of adherent cells. As RET downstream signaling was stimulated
by the treatment of GDNF in NB-39-nu cells, we next examined
the effect of GDNF on the proliferation of NB-39-nu cells, The

Futami and Sakal

Adherent

Time after GONF treatment (h)

—a-GDNF (+)

- N W s YNa O x

*Penos
24 48 72 88

Time after GONF trestment (h)

48 2 28 0

growth of the cells cultured under adherent conditions was not
significantly changed by the treatment with GDNF (Fig. 2a), but
the growth of the cells under non-adherent conditions was stimu-
lated by the treatment with GDNF (Fig. 2b). In this study, we
used the low attachment pwe&r Nunc (MPC plate as described
in ‘Materials and Methods').%" In the MPC plate, almost all
cells grew under non-adherent conditions. detached from the bottom
of the plate (Fig. 2b, lower panels). The proliferation of NB-39-
nu cells was also measured using Tetra Color One assay, as
described in “Materials and Methods®, and it was confirmed that
marked enhancement in the proliferation of the cells was specifi-
cally observed under non-adherent conditions by the treatment with
GDNF (Fig. 3). In addition, RET knockdown inhibited GDNF-
stimulated proliferation of NB-39-nu cells under non-adherent
conditions, suggesting that GDNF promotes non-adherent prolifer-
ation of NB-39-nu cells in a RET-dependent manner (Fig. 3). At
the same time, knockdown of RET protein under non-adherent
conditions caused suppression of the amount of activated ERK 1/
2 and ATK (Fig. 1d).

In addition to NB-39-nu cells, another neuroblastoma cell line,
NB-1, was evaluated for proliferation when treated with GDNF
with or without of RET-knockdown. Like NB-39-nu cells, the
proliferation of NB-1 cells was enhanced by GDNF under non-
adherent conditions, but not under adherent conditions, and the
enhancement was inhibited by RET knockdown (Fig. S2).

GDNF does not induce neuronal differentiation markers in N8-39-
nu cells. It has been shown that GDNF induces cell differentiation
in most primary neuroblastoma tissues, which generally has an
inhibitory effect 6n the proliferation of cancer cells, so we inves-
tigated whether differentiation was induced by GDNF treatment
of NB-39-nu cells by monitoring two neuronal markers, GAP-43
and chromogranin-A. The treatment did not cause upregulation
of these markers at a protein level, under either adherent or non-
adherent conditions (Fig. 4a). In addition, no obvious morpho-
logical changes, such as neurite outgrowth, were observed with
the addition of GDNF under adherent conditions (Fig. 4b, upper
panels). These findings suggest that the treatment of GDNF did
not induce neuronal differentiation under the experi condi-
tions. Furthermore, the cells showed evidence of cluster formations
under non-adherent conditions, and the clusters of the cells reated
with (_;DNF appeared (o be significantly larger (Fig. 4b, lower
panels).

Discussion

It has been shown that RET is expressed in most neuroblastoma
cell lines and tissues, although its role in neuroblastoma remains
to be determined. In this study, we analyzed the role of RET
protein in neuroblastoma using NB-39-nu cells in which especially
high levels of expression and tyrosine phosphorylation of RET

CancerScl | 2009 | 3
© 2009 Japanese Cancer Assoclation
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protein were observed. In two of the six cell lines examined, NB-
39-nu and Nagai cells, the expression and phosphorylation levels
of RET protein were comparable to or higher than those of TT
cells. TT cells are derived from medullary thyroid carcinoma, and
were found to harbor C634W gain-of-function mutation of RET.
It was considered that activation of RET caused by gain-of-function
mutation, which led to constitutive activation of downstream
signaling, is responsible for oncogenesis in TT cells. Actually, it
has been shown that the inhibition of RET signaling by expressing
a dominant negative form of RET leads to suppression of ERK1/
2 and AKT and the proliferation in TT cells, suggesting that the
activated RET plays an important role in proliferation.?¢*” Although
RET protein shows high levels of tyrosine phosphorylation in NB-
39-nu and Nagai cells without any known mutations, the prolifer-
ation and downstream signaling of RET were not inhibited by
RET RNAi of NB-39-nu cells under normal culture conditions
in this study.

However, ERK1/2 and AKT, downstream molecules of RET
protein, were further activated upon the stimulation of its ligand,
GDNF, in a RET-dependent manner, suggesting a ligand-dependent
nature as a wild-type RET protein. Nevertheless, the proliferation
of the cells under adherent conditions was not stimulated even
by the treatment with GDNF. Interestingly, the proliferation of
NB-39-nu cells was stimulated by GDNF treatment under non-
adherent conditions, and this was suppressed by RET siRNA. These
results suggest that GDNF promotes non-adherent proliferation
of NB-39-nu cells in a RET-dependent manner, Similar results
of the effect of GDNF on proliferation were observed in another
neuroblastoma cell line, NB-1, suggesting that the phenomenon
of RET-dependent GDNF-induced increase of proliferation under
non-adherent conditions was not exclusive to NB-39-nu cells.

We noticed that RET knockdown had an obvious inhibitory
effect on the activation of both ERK1/2 and AKT in long-term
stimulation (24 h) by GDNF in the existence of serum, but it had
litdle inhibitory effect on the activation of ERK1/2 in rapid stim-
ulation (15 min) by GDNF after serum starvation, sugxm‘r;gFa
special mechanism of long-term activation of ERK1/2 by GDNF-
RET signaling.

When the NB-39-nu cells were cultured in non-adherent con-
ditions, they grew in cluster formations, as shown in Figure 4(b).

treated 6-well plates in 10% bovine serum containing RPMI-
Wiestern blot

otrophic factor (GDNF; 50 ng/mL) for 24 or 48 h. (a) The cells were harvested for

It has been shown that intercellular adhesion under non-adherent
conditions generates the stimulations that support survival and
proliferation in some cell lines,**** GDNF might enhance this
intercellular stimulation generated by cluster formation of the
cells, resulting in promotion of the proliferation of the cells. In
the metastasis cascade, it is considered to be a critical step that
the metastasizing cancer cells become detached from the extra-
cellular matrix and survive and proliferate only in touch with
adjacent cancer cells, suggesting the possibility that GDNF-RET
signnlin;; might promote cancer metastasis by facilitating this
step,0031
It has been shown that GDNF induces differentiation in most
neuroblastoma tissues by the primary culture system.''” Therefore,
we initially suspected that the loss of the growth promotion effect
of GDNF under adherent conditions was due to its induction of
differentiation. However, GDNF stimulation did not cause eith
induction of neuronal markers, such as GAP-43 and chromogranin-
A, nor morphological changes such as neurite outgrowth,
suggesting that neuronal differentiation was not induced by the
treatment of GDNF in NB-39-nu cells under adherent conditions.

We previously established that anaplastic lymphoma kinase
(ALK) was overexpressed and activated by gene amplification
in NB-39-nu cells, and found that the AKT and ERK1/2 signals
were significantly blocked by the knockdown of ALK,"* syg-
gesting that activation of ALK dominates the growth and survival
signaling in this cell line. Thus, it is possible that the growth of
NB-39-nu cells under GDNF-free conditions, or under adherent
conditions, is mainly sustained by activated ALK. This is also
the case with NB-1 which overexpresses ALK. Furthermore, we
observed that the proliferations in other neuroblastoma cell lines,
TNB-1 and YT-nu, that do not have overexpressed ALK were
enhanced by GDNF under both adherent and non-adherent condi-
tions (data not shown), suggesting that the cell proliferation might
be dominantly regulated by activated ALK which overcomes
GDNF-RET signaling under adherent conditions in NB-39-nu and
NB-1 cells. GDNF-RET signaling might have a special role in
non-adherent growth that might not be supported by signals from
other growth factor receptors, including ALK.

It was previously reported that the proliferation of SH-SY5Y
neuroblastoma cell line was enhanced by GDNF with the

doi: 10.11114.1349-7006.2009.01143.x
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activation of the ERK1/2 and AKT signaling pathways under
conventional conditions.®® y, as we have shown, GDNF
did not stimulate the proliferation of NB-39-nu cells under adherent
conditions, but it did enhance the signaling pathway of ERK1/2
and AKT. Although the mechanism by which the differential ability
of GDNF to proliferate the cells between these two cell lines
remains to be elucidated, the dominant influence of the activated
ALK pathway in NB-39-nu cells is naturally suspected. It could
be postulated that other pathways such as the signal from NCAM,®
also a receptor for GNDF, might contribute differently to the
signaling pathway for proliferation between these two cell lines
growing under adherent conditions.

Various neuroblastoma cell lines secrete GDNF under the con-
trols of various cytokines and growth factors that are also gener-
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Fig. 51. Giial cell line-derived neurotrophic factor (GDNF)-induced enhancement of extracellular regulated kinase (ERK)1/2 and protein kinase
B (AKT) signaling in serum-depleted conditionS in NB-39-nu neuroblastoma cells. NB-39-nu cells (10 % 10%/mL, 2 mL/well) were seeded in
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conventional 6-well plates in 10% fetal bovine serum containing RPMI-1640 medium, followed by treatment with LacZ short interfering RNA
(siRNA) or RET siRNA at O h and 24 h, then harvested at 48 h. After culturing the cells in serum-depleted condition for 24 h under adherent con-
ditions, the cells were treated with GDNF (50 ng/mL) in serum-depleted conditions for 15 min, then harvested for Wester blot analysis.

Fig. 82. RET knockdown abrogates glial cell line-derived neurotrophic factor (GDNF)-stimulated proliferation of non-adh NB-1 blastoma
cells. NB-1 cells (10 x 10%mL, 2 mL/well) were seeded in conventional 6-well plates in 10% fetal bovine serum containing RPMI-1640 medium,
followed by treatment with LacZ short interfering RNA (siRNA) or RET siRNA at 0 h and 24 h, At the 48 h time point, the cells were harvested
and seeded (1 x 10%mL., 0.1 mL/well) in conventional or 2-methacryloxyethyl phosphorylcholine-treated 96-well plates in 10% fetal bovine serum
containing RPMI-1640 medium with or without GDNF (50 ng/mL) for 24 or 48 h. RET knockdown was confirmed for the cells harvested at 48 h
by Westem blot analysis. Cell proliferations were determined at the indicated time points by Tetra Color One assay as described in Materials and
Methods, Columns, means of three replicates; bars, standard deviation.

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors, Any queries
(other than missing material) should be directed to the corresponding author for the article.
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