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Fig. 4. : Fusion protein PTD-EFNB1-C, consisting of the protein transduction. domain of HIV-TAT and ephrin-B133'2, inhibits the peritoneal
dissemination of scirrhous gastric cancer cells. (A) Time-course schedule of peritoneal dissemination assay. 44As3 scirrhous gastric cancer cells
were  transplanted in the peritoneal cavity of nude mice (ip). PBS: containing control peptide Scrambled. (Scrm) or PTD-EFNB1-C was
intraperitoneally injected every 24 h. after the transplantation of 44As3 cells. Representative appearance of intestinal loops (B) and the
paragastric region (C), and tumors involving the rectouterine region (D) were compared. Red arrowheads (C,D) indicate disseminated tumor
nodules. Yellow arrows (C) indicate fine tumor nodules in mesentery. in (D), all four mice treated with Scrm, but only one in four mice treated
with PTD-EFNB1-C, show clear tumor dissemination. Asterisk indicates the bladder. No significant change was observed in the: level of Ki67 and
TUNEL staining. (E) Disseminated tumors of nude mice were subjected to immunostaining with anti-TAT antibody to detect the peptides in the
tumor tissues. Histology: of the tumor is shown at the bottom using H&E staining. PBS, mice treated with PBS without any peptide. Scale bars;
5 mm (B=D). Original magnification, x200 (D bottom panels, E).

was widely distributed in the tumors in vivo, although not in all - improved by modification of peptide delivery into tumors. The
cells, indicates that the peptide was effectively incorporated into’ . present study demonstrates the ability of a short peptide derived
the. tumor cells by intraperitoneal injection. It is expected that. = from the C-terminus of ephrin-B1 to suppress the invasion of
the tumor: suppression effect of PTD-EENB1-C will be further:  cancer cells both in viiro and in vivo.
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Table 1. Intraperitoneal dissemination after i.p. inoculation of cancer
cells in micet

No. of nodules . . .
Paragastric Rectouterine - No. of mice

s in'mesentery+

Peptide . In mesentery® region§ region§ survived?*
0-10 10-30. 30+

PBS 1.2 16 16 17 19

Scrm 1.3 14 16 16 18

PTD-EFNB1-C 12 4 3 3 3 19

+Data are shown as the number of mice bearing a tumor. $Number of
tumor nodules larger than 2. mm in the mesentery per body. §Number
of mice bearing tumor nodules larger than 5 mm. ¢ Number of mice
survived at 12 days after inoculation of cancer cells.

Table 2;° Mean size of tumors in mice injected with a fusion peptide
consisting. of HIV-TAT and amino acids 331-346 of ephrin-B1 (PTD-
EFNB1-O)t

Paragastric Rectouterine

Peptide Mesentery - P

region region
PBS 3212 NA 7520 NA 8.0+24 NA
Scrm 3.0+1.10683 68«17 0484 78:21 0532
PTD-EFNB1-C: 1.4+ 0.6 <0.010 "1.8 1.1 <0.001 23 =15 <0.001

+Value for tumor size is given as the mean = SD (mm). Student's t-test
was used to compare with PBS-treated group. NA, not applicable;
Scrm; Scrambled {control peptide).

PTD-EFNB1-C peptide seems to suppress the dissemination
of 44As3 cells in at least two ways. One is blocking the complex
formation of ephrin-B1 with Dishevelled, which leads to the
suppression of RhoA activation. Inactivation of RhoA and its
downstream effector Rock likely suppresses the formation and
contraction of stress fiber, thereby attenuating the cell motility.
Another mechanism is blocking the MMP-8 secretion accompa-
nied with inactivation of Arfl GTPase. Because it is not clear
which molecules: directly mediate ephrin-B1 signaling towards
Arfl activation followed by MMP-8 secretion, we cannot. cur-
rently conclude whether these two mechanisms are independent
or whether they have some cross-talk. In addition, there is evi-
dence that phosphorylation of two tyrosine residues located
within the C-terminus of ephrin-B1 (Y343, Y344) affects the
interaction with other proteins. For example, interaction of
Dishevelled with ephrin-Bl is also regulated by the state of
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phosphorylation of these two tyrosines.” Therefore, we cannot
rule out the possibility that PTD-EFNB1-C peptide also modifies
signaling depending on the phosphorylation of Y343 and Y344
of ephrin-B1 C-terminus.. PTD-EFNBI1-C . peptide did not
directly affect the proliferation of cancer cells, but it may affect
the histological appearance of tumors, which. influences tumor
volume (Fig. 4D). Stromal fibrosis is characteristic for gastric
scirrhous carcinomas, and the proliferation of fibrous tissues
may promote the growth and invasion of this type of tumor
through some cancer—stromal interaction. Treatment of PTD-
EENBI-C peptide suppressed such stromal reaction within the
fumors.

Besides the signaling related to the C-terminus of ephrin-BI,
ephrin-B1 also induces the signaling through tyrosine phosphor-
ylation of the cytoplasmic domain; which is mainly caused by
Src family kinases. We previously reported the suppression of
44 As3 peritoneal dissemination by expression of the ephrin-B1
with ‘mutation of four. tyrosine residues:in. the cytoplasmic
domain (ephrin-B1 4YF; Y313, 317, 324, and: 329), which
blocks the sigzna]ing mediated by: the tyrosine phosphorylation
of ephrin-B1.%? In order to compare the contribution of tyrosine
phosphorylation of ephrin-B1 cytoplasmic: domain and C-ter-
minus mediated signaling to  cancer dissemination, further
systematic study will be required comparing the different parts
of C-terminal peptides, including tyrosine -'to . phenylalanine
mutants, It is also possible that combined therapy by PTD-
EENBI-C used in this study and peptides derived from the aa
surrounding the phosphorylated tyrosines of ephrin-B1 cytoplas-
mic domain might have additional effects for suppressing the
promotion of scirrhous gastric carcinoma.

It appears that the peptide therapy targeting ephrin=B [ protein
might have a major effect in tumor progression such as tumor
invasion, nietastasis, and dissemination; rather than in the initia-
tion and. proliferation of tumors. Therefore, it is also expected
that the effects of the ephrin-B1 peptide on solid tumors would
be improved: by combination with other treatments including
general chemotherapeutic reagents. Our results in this study sug-
gest that the peptide derived from ephrin-B1 C-terminus is'a
promising model for novel drug design in scirrhous gastric
carcinoma and possibly other types of tumors.
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The receptor tyrosine kinase RET is expressed in a number of neuro-
blastoma tissues and cell lines, but its role in neuroblastoma remains
to be determined. In this study, we examined the roles of RET protein
in neuroblastoma by the RNA interference technique using the NB-39-
nu neuroblastoma celil line. NB-39-nu neuroblastoma cells show high
expression and elevated tyrosine phosphorylation 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 phosphorylation of RET and the
phosphorylation of ERK1/2 and AKT were further increased, whereas
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 celis, which might contribute to
the metastasis of neuroblastoma; (Cancer Sci 2009; 100: 1034-1039)

R ET is a receptor tyrosine kinase that is expressed in various
neurons including central motor dopaminergic and noradre-
nergic neurons as well as peripheral enteric sensory and sympa-
thetic neurons.!® The expression of RET has also been detected
in the mesonephric duct and branching 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,
tead to 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
neoplasia types 2A and 2B and familial medullary thyroid car-
cinoma.®-9 In addition, somatic mutations or rearrangements of
RET have also been found in sporadic medullary thyroid carcinoma
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.®!2

Neuroblastoma is the most common extracranial tumor in chil-
dren and is derived from sympathioadrenal lineage of the neural
crest in which RET is expressed.U> 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. GDNF family
receptor o 1 (GFRa-1) and triggers autophosphorylation of RET

Cancer Sc¢i | - June 2009 | vol. 100 | :no.6" | -1034-1039

in its- intracellular tyrosine kinase domain. The phosphorylated
tyrosines serve as docking sites for signaling molecules such as
She, FRS2, IRS1/2 and Dok1/4/5.%" In neuroblastoma, it has been
shown that extracellular regulated kinase (ERK), phosphoinositide
3-kinase/protein kinase B (AKT), c-Jun N-terminal kinase, and
p38 mitogen-activated protein kinase (p38MAPK) 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-SH 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
Transcription 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'- tggcgaaggegacgtceggt-
3" and 5'-cgagtcgtectcgtegtaca-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. Anti-ERK1/2 antibody, anti-phospho-
ERK1/2 antibody: (phospho-p44/p42 mitogen-activated protein
kinase antibody), anti-AKT antibody; and anti-phospho-AKT
(Ser473) antibody were purchased from Cell Signaling Technology
(Danvers; MA, USA). Anti-RET (C-19) antibody and Chr-A
(chromogranin-A) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti-a-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 anti-mouse and anti-rabbit antibodies were purchased
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Fig. 1. (a) Expression of RET. in various neuroblastoma cell lines, Exponentially growing neuroblastoma cell lines NB-39-nu, Nagai, 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 analysis. (b} RET knockdown does not
affect extracellular regulated kinase (ERK)1/2 or protein kinase B (AKT) signaling pathways in NB-39-nu cells. NB-39-nu cells (10 x 10YmL; 2 mliwell) were
seeded in conventional 6-well plates in 10% fetal bovine serum containing RPMI-1640 medium, followed by treatment with LacZ short intefering RNA
(sIRNA) or RET sIRNA at 0 h and 24 h, then harvested at 48 h for Western blot analysis. pAKT, phosphorylated AKT; pERK1/2, phosphorylated ERK1/2.
(c, d) Glial cell line-derived neurotrophic factor (GDNF) enhances ERK1/2 and AKT signaling pathways in NB-39-nu cells in a RET-dependent manner. NB-
39-nu cells (10 x 10%mL, 2 mUwell) 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 0 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 biot analysis. The cell lysates were separated using
sodium dodecy! 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 Tris buffered saline
containing 0.1% Tween-20), the membrane was probed with
antibodies for detection; The membrane was further probed with
horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG
to visualize the reacted antibody.

Futami and Sakai

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 T'T medullary thyroid carcinoma
cell line, which carries C634W. gain-of-function mutation of
RET. 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 RNAIi, whereas phosphorylation of ERK1/2 and AKT, which
have been reported to be universal downstream targets of receptor
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Fig. 3. RET knockdown abrogates glial cell line-derived neurotrophic factor
(GDNEF)-stimulated proliferation of non-adherent NB-39-nu neurcblastoma
cells. NB-39-nu cells (10 x 10¥mL, 2 mi/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 0h and 24 h. At 48 h, the cells were harvested and
seeded (3 x 10%/mL, 0.1 mi/well). in conventional or 2-methacryloxyethyl
phosphorylcholine-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. Columns, means of three replicates; bars, standard deviation.

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 inhibited
by the knockdown of RET protein, indicating that ERK1/2 and
AKT signals were activated by the stimulation with GDNE 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
phosphorylation of AKT was inhibited by RET knockdown,
whereas the inhibition of the increased phosphorylation of
ERXK1/2 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

1036

Time after GDNF treatment (h)

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 mi/well) were seeded in conven:
tional or. 2-methacryloxyethyl phosphorylcholine-
treated: 6-well: plates; ‘and cultured: with GDNF
(50 ng/mL) for 24, 48, 72, and 96 h. The cells were

*b <005 ha{vested by trypsinization at the indicated time
96 points, then cell numbers were measured using a
Coulter counter. Points; means of three replicates;
bars, standard deviation.

~< GDNF (=)

—m—GDNF (+)

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 Jow attachment plate by 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. 4b, 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
GDNE (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 ERK1/
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 GDNE 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 NB-39-
nu cells.- It has been shown that GDNF induces cell differentiation
in most primary neuroblastoma tissues, which generally results
in the inhibition of the proliferation of cancer cells, so we inves-
tigated whether differentiation was induced by GDNF freatment
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 GDNE did
not induce neuronal differentiation under the experimental condi-
tions, Furthermore, the cells showed evidence of cluster formations
under non-adherent conditions, and the clusters of the cells treated
with GDNEF appeared to 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

doi: 10.1111/j.1349-7006.2009.01143.x
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Fig. 4. - GDNF does not induce neuronal differentiation markers or morphological change in adherent NB-39-nu: cells; NB-39:nti cells (10 x 10YmL;
2 mu/well) were seeded in conventional or 2-methacryloxyethyl phosphoryicholine-treated 6:well plates in 10% fetal bovine serum containing RPMI:
1640 medium with or without glial cell line-derived neurotrophic factor (GDNF; 50 ng/mL) for. 24 or 48 h, (a) The cells were harvested for Western blot
analysis at 24 h'and 48 h. (b) Microscopic appearance of NB-39-nu cells cultured with or without GDNF under adherent or non:adherent conditions

at'48 h.

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.?%2? 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,
GDNEF, 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 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 GDNEF 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
little inhibitory effect on the activation of ERK1/2 in rapid stim-
ulation (15 min) by GDNE after serum starvation, suggesting a
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).

Futami and Sakai

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 can be considered to be a critical step
that the metastasizing cancer cells become detached from the
extracellular matrix and survive and proliferate in touch with
adjacent cancer cells, suggesting the possibility that GDNF-RET
signaling might promote cancer metastasis by facilitating this
step.C03D

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 GDNEF under adherent conditions was due to its induction of
differentiation. However, GDNF stimulation did not cause either
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 demonstrated 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 ®2%) sug-
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 overexpressing ALK. Furthermore, we observed
that the proliferations in other neuroblastoma cell lines, TNB-1
and YT-nu, which are not overexpressing ALK were enhanced
by. GDNF under both adherent and non-adherent conditions
(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

1t was previously reported that the proliferation of SH-SY5Y

‘neuroblastoma cell line was enhanced by GDNE with the
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activation of the ERK1/2 and AKT signaling pathways under
conventional conditions.®” Conversely, as we have shown, GDNF
did not stimulate the proliferation of NB-39-nu cells under adherent
conditions, but itdid 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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ated from neuroblastoma.(* Thus, the fact that GDNF promotes
the non-adherent growth of NB-39-nu neuroblastoma cells might
suggest that GDNF generated from neuroblastoma cells could
contribute to tumor growth, progression, and metastasis in an
autocrine and paracrine fashion, at least in some neuroblastoma.
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Fig. S1. Glial 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 x 10/mL, 2 mL/well) were seeded in
conventional G-well plates in 10% fetal bovine serum containing RPMI-1640 medium, followed by treatment with LacZ short interfering RNA
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(siIRNA) or RET siRNA at 0 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 Western blot analysis,

Fig. 2. RET knockdown abrogates glial cell line-derived neurotrophic factor (GDNE)=stimulated proliferation of non-adhérent NB-1 neuroblastoma
cells. NB-1 cells (10 x 10*/mL, 2 mL/well) were secded 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 i At the 48 h time point, the cells were harvested
and seeded (1 x 10'/mL, 0.1 mL/well) in conventional of 2-methacryloxyethiyl 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 Western 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 threc replicates; bars, standard deviation, :

Please note: Wiley-Blackwell are not responsible for thie 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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Abstract

Estrogen receptor o« (ERx) is a nuclear receptor that functions
as a ligand-activated transcription factor. Besides its genomic
action in nuclei, ERx could exert nongenomic actions at the
plasma membrane, To investigate the mechanism underlying
the nongenomic action of ERou in breast cancer: cells, we
generated a construct of membrane-targeted ERa (memER),
an expression vector of ERx. without the nuclear localizing
signal ' and - including  instead ' the membrane-targeting se-
quence of Src 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 metility and
the in vivo proliferation activity of MCF-7 cells expressing
memER were significantly enhanced compared with those of
vector-transfected - cells, ‘Interestingly, the acetylation level
of tubulin. in. memER-overexpressing cells was: lower than
that in control cells. ‘We found that histone deacetylase
(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 HDACG6 in a ligand-dependent manner. Although tamox-
ifen is known for its antagonistic role in the ERo genomic
action in MCF-7 cells, the agent showed an agonistic function
in the memER-HDAC6 association and tubulin deacetylation.
These findings suggest that ER« 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
potentially contributes to the aggressiveness of ERo-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 « (ERa). 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,
ERo forms complexes with corepressors and histone deacetylases
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(HDAC) in the treatment with antagonists. The deacetylation of
histones alters the chromatin conformation into & transcriptionally
inactive form. The expression status of ERa and its primary target
progesterone receptor is important in the management of breast
cancer, as ERo- and progesterone receptor-positive tumors are
known to respond to antiestrogenic treatment: Tamoxifen has been
used. for. years as: a. prototypic. 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, ERe - mediates: an' antiapoptotic effect by activating the
Src-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 ERa.,

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
previously that a subset of ERa in MCF-7 cells translocated to the
plasma membrane in response to estradiol (E;), and the activation
function 1 (AF-1) domain: of ERw interacted with polymerized
tubulin when the AF-1 domain of ERat was expressed at the plasma
membrane with the membrane-targeting signal (6).

Recently, HDACS, 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
interaction,: and: tumor metastasis. In breast ‘cancer, HDAC6
expression was induced: in response to- estrogen, and HDAC6
overexpression was reported as a poor prognostic factor (8). It has
been also shown that the motility of breast cancer cells could be
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 ERx
associates with HDAC6 and causes rapid deacetylation of tubulin
in-a ligand-dependent manner.

Materials and Methods

Antibodies and reagents. Anti-Myc, anti-ERa (H-184), anti-HDAC6, and
anti~-HA polyclonal antibodies were purchased from Santa Cruz Biotech-
nology. Anti-FLAG M2 and M5 monoclonal, anti-a-tubulin' (B-5-1-2); and
anti~acetylated-o-tubulin- (6-11B-1) “antibodies” were - puirchased - from

www.aacrjournals.org
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Figure 1. Generation of MCF-7 cells stably expressing memER. A, schematic
representation of full-length ERa and memER. B, Western blot analysis of
MCF-7 cells stably expressing memER (memER #1 and #2) and vector clones
(vec #1 and: #2). Whole cell lysates were immunoblotted with anti-Myc and
anti~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 ER« protein in memER #1 clone. DAPI staining shows
the cell nuclei. Cells were visualized with fluorescence microscopy at a: x600
magnification. The memER #1 clone stained with anti-FLAG antibody is enlarged
in the: inset.

SIGMA. Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 594 goat
anti-rabbit  IgG ‘'were purchased - from  Molecular  Probe; Horseradish
peroxidase-conjugated anti-mouse and: anti-rabbit antibodies. were pur-
chased from Amersham Pharmacia. 17B-estradiol (E,} and tamoxifen were
purchased from SIGMA. HA-peptide was purchased from Roche.
Plasmids. Membrane-targeted ERoa (memER) with: FLAG and Myc
epitope tags (memERANLS-FLAG-Myc, memER) was: generated in two
steps. In the first step, an expression construct of ERa with an NHs-terminal
membrane-targeting sequience. (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 localizing
signal (NLS, 256-303 amino acids of ERq; ref. 10) was deleted with PCR-
based sited-directed niutagenesis from the plasmid generated in the
first step. The AF-1 and activation function 2 domains of ERa with the
NH-terminal membrane-targeting sequence and COOH-terminal FLAG
tag (memAF1 and memAF2, respectively) were generated as previously
described (6). Deletion mutants of HDAC6 with the COOH-terminal HA tag
were generated by inserting HDACG amplicons in pcDNA3.1(—)/Myc-His B,
including the following amino acid numbers of the  HDAC protein as

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

Cell culture and transfection. MCF-7, COS-7; and HEK293T cells were
mainiained. in DMEM with 10% FCS at 37°C under. 5% CO,. MCF-7 and
293T cells were: cultured in estrogen-starved medium (phenol: red-free
DMEM with 5% charcoal/dextran-treated FCS) for 2 d. before E,/tamoxifen
treatment.. Transfection was performed using  FUGENE. 6. (Roche). To
establish’ stable ‘transfectants, MCF-7. clones were selected using. G418
(SIGMA) at a concentration of 800 jig/mL:

Immunoblotting ‘and immunoprecipitation. Immunoblotting and
immunopreciptation: were performed as previously - described (6).. For
immunoprecipitation with the anti-HA antibody; aliquots of protein Were
mixed with anti-HA agarose conjugate (SIGMA).

Immunocytochemistry. Immunocytochemical analysis was performed
as- described: (6).- Nuclei: were: slained: with 4',6-diamidino-2~pheny]indole
(DAPT; SIGMA) diluted with PBS (1:10,000) for 10 min.. Cells were visualized
with: a. 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: terephthalate filter’ with 8-um pores (Becton Dickinson)
in' 24 h was counted under microscopic examination,

Cell proliferation assay. Cells were 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 converted to a water-soluble formazan
by metabolically active cells. Spectrophotometric absorbance for formazan
dye was measured at 450 nm; with absorbance at 655 nmi as reference.

In:vive: tumor growth: assay. The in vivo 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 Anierica) was. s.c. trans-
planted in the right shoulder of each mouse, For s.c. implantation of fumor
cells; 1 million cells suspended in 100 pL of DMEM with 5% FCS were mixed
with Matrigel and implanted.in the left shoulder of ovariectomized 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. Differences betiveen the mean values of memER-
expressing MCF-7 clones and vector-expressing clones were analyzed using
the Student’s ¢ test.

Restults

Establishment of cell lines stably expressing memER. To
analyze the function of membrane-localized ERc, we generated an
expression vector of memER that contains the NH-terminal
membrane-localizing sequence derived from Src kinase and lacks

- the NLS (Fig. 14; ref. 10). Src kinase is a nonreceptor tyrosine

kinase localizing at the plasma membrane with its myristoylated
NHj-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 expressed at the plasma membrane (Fig, 1C).

Enhanced motility and in vivo tumorigenesis of MCF-7 cells
stably expressing memER. To elucidate the function of mem-
brane-localized ERa, the motility of MCF-7 clones stably expressing
memER and control vector was evaluated. The number. of cells
migrating through the 8-iim-pored polyethylene terephthalate filter
in 24 h was counted. The motility of memER overexpressing MCE-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
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Membrane ERo Associates with HDAC6

compared: with control cells (Fig. 2B). Next, we investigated the
contribution of membrane-localized ER to.in vive tumorigenesis
by using’ a 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
turnors ‘derived ‘from ‘memER clones (memER #1 and #2) were
larger than those from vector clones (vec #I 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. vivo 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 ERa in' MCF-7 cells
(6). Tubulin is an important component of the microtubule network
that regulates cell motility, which could be enhanced by HDAC6 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 HDACG is involved in the regulation
of tubulin acetylation in breast cancer cells, To confirm tubulin
deacetylating activity of HDACG, exogenous HDACG6 was transiently
overexpressed in. COS-7 cellsand the acetylation status of
endogenous tubulin was' evaluated: HDAC6 overexpression appar-
ently reduced: tubulin “acetylation”in= COS-7 cells (Fig. 3B). We
investigated: whether subcellular. localization . of - endogenous
HDAC6  together. with tubulin could be altered: by estrogen
treatment: in MCF-7 cells. Distribution: of HDAC6 and: a-tubulin
was increased in' submembrane and membrane protruded regions
by Ey compared ' with: vehicle treatment (Fig.- 3C).. We next
investigated whether the acetylation status of endogenocus tubulin
in: MCF-7 cells was altered by E, stimulus. In’ this experiment;
tamoxifen; a known antagonistic ligand: for the genomic action
of ERa in MCF-7- cells,: was. also’ used.’ Notably, the acetylation
levels: of  a-tubulin: were reduced by both E, and tamoxifen
treatment for. 15 min in MCF-7 cells: (Fig. 3D). These findings
lead us. to: hypothesize  that . estrogen: facilitates  the rapid
membrane translocation of ERa and HDAC6, which functionally
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Figure 2. Enhanced motility and in vivo tumorigenesis of MCF-7 cells expressing memER. A, enhanced motility of memER-expressing MCE-7 cells. Number of cells
migrating through a polyethylene terephthalate filter with 8-pm pores was counted for each: clone. Top, cells on the lower side of the filters were stained with
Giemsa’s staining solution and visualized under a microscope. Representative views used to count the cells are shown at'a x200 magnification. Magnified views

of membrane pores and migrating cells are shown in the insets. Bottom, columns, mean number of cells counted in five fields; bars, SE. B, MemER expression does not
markedly affect in vitro cell proliferation. MCF-7 clones were seeded at a density of 1,000 cells per well and the cell growth was assayed using WST-8 tetrazolium
salt. Columns, mean of relative absorbance at 450 nm for each clone normalized to values at day 0 (n:= 4); bars, SE. N.S., not significant. C; growth of xenograft
derived from MCF-7 clones expressing memER is significantly accelerated compared with vector clones. Xenografts were established by s.c. implantation of MCF-7
clones in nude mice (one million cells per mouse}. Tumor volume is shown by fold change normalized to.the value at 2 wk after implantation.. Points, mean of
relative tumor volume (vec #1, n=4; vec #2, n = 3; memER #1, n =4, memER #2, n=7); bars, SE. D, photographs of representative mice 8 wk after the implantation of
MCEF-7 clones. Arrowhead, tumor mass.
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Figure 3. Estrogen reduces tubulin acetylation and translocates HDACS to the
plasma membrane in MCF-7 cells. A, tubulin in memER-expressing MCF-7
clones is less acetylated. Whole cell lysates of indicated clones were
immunoblotted with anti-Myc (top), anti-acetyl-a-tubulin (middle), and
anti—a-tubulin (bottom). B, tubulin deacetylase activity of HDAC6. COS-7 cells
were transiently transfected with empty or HDAC6-FLAG vectors. Cells were
lysed at 24 h after transfection and immunoblotted with anti—acetyl-a-tubulin
(top), anti—a-tubulin (middle), and anti-FLAG (M5; bottom). C, rapid
translocation of HDACS to the plasma membrane in response to estrogen.
MCF-7 cells were grown in an estrogen-starved medium for 48 h and treated with
17p-estradiol (Ez; 10 nmol/L) or vehicle (0.1% ethanol) for 15 min. Cells were
immunostained with anti-a-tubulin (green) and anti-HDACS6 (red) and visualized
with fluorescence microscopy at a X600 magnification. Concentration of
HDACS6 immunoreactivity at the plasma membrane is shown in Ep-stimulated
cells. Enlarged panels, magnified views of a part of the top panels. Membrane
protrusions (white arrowheads) are shown in enlarged panels of Ep-stimulated
cells. D, rapid deacetylation of tubulin in MCF-7 cells with estrogen stimulation.
MCF-7 cells were treated with E; (100 nmol/L), tamoxifen (TAM; 10 pmol/L),
or vehicle (Et) for 15 min. Whole-cell lysates before (T = 0) and after drug
treatment were immunoblotted with anti-acetyl-a-tubulin (fop), anti-a-tubulin
(top middle), anti-ER« (bottom middle), and HDACS6 (bottom). The acetylated
level of tubulin is reduced in lysates from E,- and tamoxifen-stimulated cells.

interact with the microtubule network and cause tubulin
deacetylation.

Ligand-dependent association of HDAC6 with ERa. To prove
the hypothesis 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 Ej-dependent
manner. Tamoxifen also induced a weak interaction between
memER and HDAC6 (Fig. 44).

To analyze the responsible domains for the association of
HDAC6 and memER, we generated a series of HA-tagged HDAC6
expression vectors with various functional domains deleted
(Fig. 4B). HDAC6 includes two deacetylase domains (DD1 and
DD2) and one ubiquitin carboxyl-terminal hydrolase-like zinc
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
memAF1 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 ERa deletion mutants were predominantly
localized in the cytoplasm (6). The immunoprecipitation study
revealed that the membrane-targeted activation function 2 domain
associated with HDAC6 (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
MCF-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 vivo 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 HDACG 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 HDACSG 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 MCE-7. cells.
In contrast, the tamoxifen-induced nongenomic action would
be unfavorable for the antagonistic function of this drug in the
genomic action. We showed that tamoxifen also caused the
interaction of memER with HDAC6 and tubulin deacetylation in
MCEF:7 cells.-We assume that HDAC6-dependent tubulin deacety-
lation® contributes to the increased cell muotility: 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
advanced breast cancers (17, 18). There is also a report that has
shown tamoxifen-induced redistribution of ER« 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.

HDACG 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), HDAC6-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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CUB domain containing protein (CDCP1), a transmembrane protein
with intracellular tyrosine residues which are phosphotrylated 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 expression was immunohistochemically
examined in lung adenocarcinoma: 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. MiIB-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%), 11in'19 (9.5%), and
Il 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-1labeling
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
OS ‘and DFS. Multivariate analysis revealed that only. CDCP1
expression was an independent prognostic factor for both OS and
DFS. CDCP1 expression level is a useful marker for prediction of
patients with lung adenocarcinoma (Cancer Sci 2009; 100: 429-433).

Introduction

Since 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.® CDCP1 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

doi: 10.111:1/1:1349-7006.2008.01066.x
© 2008 Japanese Cancer Association

epigenetic 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.(9 The knocked-down: expression of CDCP1 by RNA
interference abolished in: vitro: colony formation and in: vivo
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 I 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-tol154 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 113
Female 87

Tumor size (cm) -

25 12
<5 187

Lymph node metastasis
NO 159
N1 8
N2 29
N3 4

Stage
| 144
il 19
n 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
obtained from each patient,

Immunohistochemistry for CDCP1, phosphorylated CDCP1 and Ki-67.
CDCP1 expression was immunohistochemically examined with
use of anti-CDCP1 (Abcam Ltd, Cambridge, UK) and antipho-
sphorylated CDCP1 antibody. The antiphosphorylated CDCP1
antibody recognizes CDCP1 phosphorylated: at Tyr734 and can
be used for immunostaining on paraffin-embedded sections. (1012
The proliferative activity of cancer cells was examined with
monoclonal antibody 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, x400
and x100, respectively. Then; the sections were treated with
biotin-conjugated antigoat IgG (Zymed, San Francisco, CA,
USA) for CDCP1 staining, or with biotin-conjugated antimouse
1gG (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
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Fig. 1.. Surface staining of CDCP1-low (A and B)
o' A ] and -high (C and' D) cases, x 400 (E) Real-time
© 2 reverse transcription-polymerase chain reaction.
N\ The amount of CDCPT mRNA was significantly
Y QY higher - 'in " immunohistochemically = defined
R CDCP1+high: cases than in CDCP1-low cases, The
e L
bar: shows mean  values of the amount of

CDCP1'mRNA. *P < 0.01

Laboratories, Burlingame, CA, USA). diaminobenzidine (Vector
Laboratories) was used as a chromogen. As the negative control,
staining was carried out in the absence of a primary antibody.
Stained sections were evaluated independently by two pathologists
(JI and EM). Generally, CDCP1 expression levels varied among
tumor cells in the same case. Staining intensity of tumor cells
was divided into four categories; tumor cells with nio (represent-
ative field was demonstrated in Fig. 1A), weak (Fig. 1B), moderate
(Fig. 1C), or strong (Fig. 1D) membrane staining. The intensity
of CDCP1 expression in each case was defined by the major
population of staining as follows: cases with tumor cells showing
no or weak membrane staining were categorized as CDCP1-low,
and those showing moderate or strong membrane staining as
CDCP1-high. The ‘MIB-1 labeling 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 real-time reverse transcription-
polymerase chain reaction (RT-PCR). To evaluate the specificity of
CDCP1 immunostaining, expression level of CDCP1 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 RNeasy kit (Qiagen, Valencia, CA, USA) with DNase
I treatment. Two micrograms of total RNA was subjected to reverse
transcription using Superscript 1II (Invitrogen; Carlsbad, CA,
USA). The mRNA Ievels for CDCP1 and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) genes were verified using
TaqMan Gene Expression Assays (Hs00224587 m1 and 4310884E,
respectively; Applied 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 CDCP1 expression and clin-
icopathological factors in pulmonary adenocarcinoma. Kaplan-
Meier methods were used to calculate overall survival (OS) and
disease-free survival (DES) rate, and differences in survival
curves were evaluated with the log-rank test. Cox’s proportional
hazards regression model with a' stepwise manner was used to
analyze the independent 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 I in 144 patients
(72.0%); 11 in 19 patients (9.5%); and 111 in 37 patients (18.5%).
The histological types .of tumors were: bronchioloalvéolar

doi: 10.1111/.1349-7006.2008.01066 x *
© 2008 Japanese Cancer Association



Fig.2. Localization: of phosphorylated CDCP1 in lung adenocarcinoma.
Stained cells with anti-CDCP1 antibody (A), and antiphosphorylated CDCP1
antibody (B). Among the CDCP1-positive 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 RI-PCR was per-
formed: expression levels of CDCPI1 at protein and mRNA level
was compared in 13 cases (3 CDCP1-high and 10 CDCP1-low
cases at immmnohistochemical results). The amount of CDCP1
mRNA was significantly higher in cases with CDCP1-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 expression.

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 CDCP1-low. Representative staining results were illustrated
in Fig. 1(A-D).

Intracellular tyrosine residues of CDCP1 are known to be
phosphorylated upon activation in.vitro. To examine the locali-
zation of activated CDCP1; 43 cases of CDCP1-high lung
adenocarcinoma tissues were stained with antiphosphorylated
CDCPI. Phosphorylated CDCP1 was detected only in a small
portion of CDCP1-expressing cells (Fig. 2 A and 2B), which

ikedaetal.

Table 2. Correlation between CDCP1 expression and clinicopathological
parameters

CDCP1 expression

P
Low High

Tumor size (cm)

=5 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 :

i 110 34

1] 11 8

1 19 18 0.0059
MIB-1 labeling index

25% 56 45

<5% 84 15 <0.0001
Recurrence

Positive 23 37

Negative 117 23 <0.0001
Prognosis

Dead 17 24

Alive (with recurrence) 10 14
Alive (with no recurrence) 113 22 <0.0001

-appeared:to be localized to the peripheral areas of tumor. cell

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

Correlation of CDCP1 expression with the clinicopathological
features was evaluated. 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
CDCP1-low tumors (Fig. 3).

Univariate analysis showed that lymph node status, tumor
stage, and CDCP1 expression were significant factors for both
OS and DFS (Table 3). The multivariate analysis revealed that
only €DCP1 expression was an independent prognostic factor
for both OS and DES.

Discussion

Patient characteristics such as the gender (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 tumor relapse. A previous study using the
lung adenocarcinoma cell lines indicated a significant role of
CDCP1 for anchorage-independent growth of tumor cells.(?
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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
HR (95% Ci) P-value HR (95% Cl) P-value HR (95% Ci) P-value HR (85%.Cl) P-value
Tumor size 1.07 0.672 111 0.425
(0.79-1.43) (0.86-1.45)
Lymph node status 2.34 <0.001 1.46 0.167 2.40 <0.001 1.43 0.182
(1.77-3.08) (0.85-2.50) (1.82-3.17) (0.84-2.40)
Stage 2.64 <0.001 1.63 0.128 2.77 <0.001 1.74 0.074
(1.90-3.69) (0.87-3.06) (1.99-3.86) (0.95-3.20)
MiB-1 {abeling index 1.46 0.235 1.44 0.250
(0.78-2.74) (0.77-2.69)
CDCP1 expression 4.1 <0.001 2.89 0.001 4.32 <0.001 3.04 <0.001
(2.18-7.75) (1.51=5.54) (2.31-8.08) (1.60-5.80)

HR, hazard ratio; Cl, confiderice interval.

(A) _ 004~ : activities of cells, Ereviogsly, we showed_ the‘positiye correlation
® 5 CDhCPI-low of CDCP1 expression with MIB-1 labeling index in brc?ast can-
¥ N cer cells.® These findings indicate that CDCP1 expression level
= 8 % o _ reflects a proliferative activity of cancer cells, .
Z - ‘\k oy Intracellular. tyrosine residues of CDCP1 are known to be
AP R CDCPI-high  phosphorylated upon activation; and the level of tyrosine
2 _ phosphorylation is associated with the capacity for anchorage
o independence in A549 cells."” Immunohistochemically, phos-
g 40 phorylated CDCP1 was found to be localized to the peripheral
= by areas of tumor cell nests. Lung adenocarcinoma cells often show
] . p . :
£ 20+ bronchioalveolar growth in the periphery of the cancer tissues,
g - but such portions were almost negative for phosphorylated
= b CDCP1 expression, Phosphorylated CDCP1 was mostly present

in the tumor cells expanding to the surrounding normal tissues,

(B o
bodnga CDCP1-low
- ~ —Q—__L—"—'I...________.
E— S0 - \‘1__‘
"Sg - ey
= 60 - L}L :
5 L CDCPI-high
Z 0+ L—-~
'é o
< =
0 -

lllllll!lll.
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years after surgery

Fig. 3. Kaplan-Meier: plots. of disease-free (A) and overall survival: (B)
of patients.

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 i’ CDCP1-knocked down AS549
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 c¢linical samples.

High CDCPI1 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

432

This was consistent with the previous report that phosphorylated
CDCP1 is localized in the invasive front of ‘gastric cancer,0?
Therefore; phosphorylated CDCP1 may play some roles for
tumor invasion, in addition to anchorage independence. The
staining for phosphorylated and non-phosphorylated CDCP1
demonstrated that most tumor cells expressed CDCP1 as a
non-phosphorylated form. This was consistent with the report by
Brown et al. that the phosphorylation of CDCP1 is dynamically
balanced by Src-family kinase and phosphotyrosine phosphatase
activities, yielding low equilibrium phosphorylation.© CDCP1
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 ‘et al. reported that Src, which
mediates proliferation signals in cancers, forms a complex with
phosphorylated CDCP1."” These findings indicate that overex-
pression of CDCP1 could stimulate tumor growth, explaining
why prognosis of patients with. CDCP1-high tumors is worse
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 a useful marker for prediction of prognosis
in other types of cancers. CDCP1 could be a molecular target
for cancer therapy:
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