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FIGURE 5. Kaplan-Meier estimate for time to further pro-
gressive disease from the initiation of gefitinib according to
nuclear YB-1 expression in 26 patients treated with gefitinib
after progressive disease.

unknown. Immunohistochemical analysis of clinical samples
of NSCLC showed that nuclear YB-1 expression was nega-
tively correlated with HER3 expression in squamous cell
carcinoma (p = 0.038) and positively correlated with HER2
expression in adenocarcinoma (p = 0.052). However, nuclear
YB-1 expression was not significantly correlated with EGFR
or c-Met expression in either squamous cell carcinoma or
adenocarcinoma.

Overexpression of HER2 in an NSCLC cell line with
very low EGFR and high HER3 expression levels sensitizes
these cells to growth inhibition by the EGFR-targeting drug
gefitinib, and gefitinib abrogated formation of HER2/HER3
heterodimers.2* Consistent with this report, there is a strong
correlation between HER3 expression and sensitivity to ge-
fitinib.25 Another EGFR-targeting drug, erlotinib, also inhib-
its HER2 tyrosine kinase, and HER2/HER3 heterodimer
formation sensitizes lung cancer cells to'growth inhibition by
erlotinib.?¢ Taken together, expression of HER2 and HER3
coupled with formation of their heterodimers plays a critical
role indetermining the therapeutic efficacy of the EGFR-
targeting drugs gefitinib and erlotinib.27:28 The possible link
between nuclear YB-1 expression and HER2 expression in
adenocarcinoma (p = 0.052) might be in part responsible for
the correlation between nuclear YB-1 expression and survival
of patients with adenocarcinoma NSCLC. Nuclear YB-1
expression is positively correlated with HER2 expression in
patients with breast cancer (p = 0.015).? Thus, HER2 expres-
sion could be modulated by nuclear YB-1 expression not only.
in patients” with breast cancer® but “also in patients with
adenocarcinoma NSCLC (this study). HER3 expression was
inversely correlated with' nuclear “expression of “YB-1 in
squamous cell carcinoma (p = 0.038), but HER3 expression
alone did not correlate with survival of patients with NSCLC
or of the ‘'subset with squamous cell carcinoma. It seems
unlikely that the inverse correlation of nuclear YB-1 expres-
sion with HER3 expression is a factor in the poor prognosis
associated with nuclear YB<1-expression in: patients with
squamous NSCLC.

In-addition to the effect of altering the status of EGFR
family proteins on the therapeutic efficacy of EGFR-targeting
drugs, amplification of c-Met has been identified: as another
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acquired drug resistance mechanism.?® ¢-Met modifies drug
sensitivity to gefitinib through HER3-dependent activation of
the PI3K/Akt pathway.?® Morcover, Cappuzzo et al.30 re-
ported that gefitinib-treated patients with a high-HER3 gene
copy number had significantly higher response rates and
times to progression, although with no improvement in over-
all survival. Nuclear expression of YB-1 also affected expres-
sion of c-Met in two NSCLC cell lines in culture, but we
could not observe any significant coreclation between nuclear
YB-!1 expression and c-Met expression in NSCLC. This
suggests that it is unlikely that nuclear YB-1 expression
determines c-Met expression in patients with NSCLC.

Nuclear YB-1 expression is often associated with poor
prognosis in various human malignancies, including breast can-
cer.4-10 In NSCLC, our previous THC study on 196 patients
demonstrated that nuclear YB-1 expression is significantly as-
sociated with poor prognosis in all patients (p = 0.0424) and in
patients with squamous cell carcinoma (p = 0.0313), but not in
patients with adenocarcinoma (p = 0.2015).2 This study dem-
onstrated a close association of nuclear YB-1 expression with
poor prognosis in all patients (p = 0.028) and in patients with
adenocarcinoma (p = 0.007), but not in patients with squamous
cell carcinoma (p = 0.381). This inconsistency may result from
the small number of patients with squamous cell carcinoma in
this study. The results of the Cox regression analysis given in
Table 3 provide similar estimates of the HR of nuclear YB-1
expression in adenocarcinoma and squamous cell carcinoma,
although they were not nccessarily statistically significant.
Further studies with more definitive clinicopathological char-
acterization of the patients included are required to establish
the types of NSCLC in which nuclear expression of YB-]
predicts poor prognosis.

Of patients with NSCLC (n = 104) tested in this study,
we examined whether therapeutic efficacies of gefitinib were
associated with expression levels of nuclear YB-1 expression
when recurrent 26 patients (24 adenocarcinoma and two
squamous. cell carcinoma) were treated with: gefitinib. Al-
though the number of treated patients was small, the absence
or presence of nuclear YB-1 expression shows:a significant
correlation with differences in the survival curves after pro-
gression disease. Concerning EGFR mutations that are highly
susceptible to the therapeutic efficacy of gefitinib, we also
observed statistically significant differences between patients
with mutant EGFR and those with wild-type EGFR (Azuma
et al, unpublished data). Nuclear YB-1 expression might have
a significant predictive value for progression disease in pa-
tients with NSCLC when treated with EGFR-targeting drug.
Further study: is-in progress whether nuclear expression of
YB- 49 could be associated with gefitinib-susceptible EGFR
mutations.

In conclusion, our results show that nuclear YB-1
expression is strongly associated with overall survival of
patients: with NSCLC (n = 104).- Of the EGFR family
proteins, nuclear YB-1 expression is associated with expres-
sion ‘of HER2 in both histologic types of NSCLC and: of
HER3 in: squamous cell carcinoma type of NSCLC. There-
fore, expression of YB-1 in:the nucleus might affect the
therapeutic efficacy of EGFR-targeting drugs. Nuclear YB-1
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YB-1 Correlated with HER2/ErbB2 and HER3/ErbB3

expression is associated with progressive disease survival of
patients with NSCLC (n = 26) when treated with gefitinib.
Together, these observations indicate that nuclear YB-{ is a
novel biomarker in NSCLC.
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Abstract

N-myc downstream regulated gene 1 (NDRG1)/Cap43 expres-
sion is a predictive marker of good prognosis in patients with
pancreatic cancer as we reported previously. In this study,
NDRG1/Cap43 decreased the expression of various chemoat-
tractants, including CXC chemokines for inflammatory cells,
and the recruitment of macrophages and neutrophils with
suppression of both angiogenesis and growth in mouse xeno-
graft models. We further found that NDRG1/Cap43 induced
nuclear factor-kB (NF-xB) signaling attenuation through
marked decreases in inhibitor of xB kinase (IKK) . expression
and IxBo phosphorylation. Decreased IKKB expression in
cells overexpressing NDRG1/Cap43 resulted in reduction of
both: nuclear translocation of p65 and p50 and their binding
to the NF-«B motif. The introduction of an exogenous IKK3
gene restored NDRG1/Cap43-suppressed. expression of mela-
noma growth-stimulating activity a/CXCL1, epithelial-derived
neutrophil activating protein-78/CXCL5, interleukin-8/CXCL8
and vascular endothelial growth factor-A; accompanied by in-
creased phosphorylation of IxBa in NDRG1/Cap43-expressing
cells. In patients with pancreatic cancer, NDRG1/Cap43 ex-
pression levels were also inversely correlated with the number
of infiltrating macrophages in the tumor stroma. This study
suggests a novel mechanism by which NDRG1/Cap43 modu-
lates tumor angiogenesis/growth and infiltration of macro-
phages/neutrophils through attenuation of NF-sB signaling,
[Cancer Res 2000;69(12):4983-91]

Introduction

N-myc downstream regulated gene 1 (NDRG1)/Cap43 is one of the
metastasis suppressor genes (1), and expression of NDRG1/Cap43
is regulated by oncogenes (N-ryc anid C-myc) and tumor suppres-
sor genes (p53, VHL, and PTEN; ref. 2): Expression of NDRG1/Cap43
protein is often elevated in many types of human tumors. In hu-
man cancer, expression of NDRG1/Cap43 depends-on tumor type
and- differentiation status (2). Consistent with this idea, NDRG1/

Note: Supplémentary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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Cap43 expression in cancer cells is a predictive marker of good
prognosis in patients with neuroblastoma or cancers of the pros-
tate, breast, esophagus, colon, and pancreas (3-10), whereas its ex-
pression is a predictive marker of poor prognosis in patients with
liver and cervical cancer (11, 12).

We previously identified NDRG1/Cap43 as one of the nine
genes that are highly expressed in cancerous regions of human
renal cell carcinoma (13), and its expression is closely associated
with the VHL oncosuppressor gene (14). We further showed that
expression of NDRG1/Cap43 is associated with a marked de-
crease of tumor angiogenesis in mice bearing human pancreatic
cancer xenografts and that NDRG1/Cap43 markedly suppresses
the expression of matrix metalloproteinase-9, vascular endothe-
lial growth factor (VEGF), and interleukin (IL)-8/CXCL8. More-
over, expression of NDRG1/Cap43 has been associated with
decreased microvessel density (MVD) and differentiation or
depth of invasion in cancer cells in patients with pancreatic
cancer (5).

In the present study, we further examined how NDRG1/Cap43
modulates tumor growth and angiogenesis in pancreatic cancer.
Because microarray analysis in this study and our previous studies
showed that expression of some angiogenesis- and inflammation-
related factors were markedly down-regulated by NDRG1/Cap43,
we hypothesized that inflammation could be somehow associated
with the NDRG1/Cap43-induced suppression-of tumor growth and
angiogenesis. Our results indicated that down-regulation of CXC
chemokines and VEGF expression by NDRG1/Cap43 was actively
involved in its suppression of angiogenesis and growth in pancre-
atic cancer as well as infiltration of macrophages and neutrophils,
and we discuss whether attenuation of nuclear factor-«B (NF-kB})
signaling plays a key role in this process.

Materials and Methods

Materials and cell lines. MIApaca-2 transfectants (Mock#2, Cap#11 and
Cap#14) were maintained in DMEM supplemented with 10% fetal bovine
serum and G418. The anti-NDRG1/Cap43 antibody was generated as de-
scribed previously (5). Other antibodies were purchased as. follows: anti-
B-actin antibody (Abcam); anti-NIK, anti-TAB1/2, anti-TAK], anti-inhibitor
of kB kinase (IKK) o, anti-IKKf, anti-IKKy; anti-p-IxBo, anti-p65, anti-p50,
anti-RelB, anti-p52, and anti-ubiquitin antibodies (Cell Signaling Technolo-
gy); anti-p65 and anti-p50 antibodies for supershift analysis by electromo-
bility shift assay (EMSA; Santa Cruz Biotechnology); anti-Flag M2 antibody
(Sigma); and anti-CD68 and:- anti-neutrophil elastase antibodies (DAKO).
Human tumor necrosis factor-o (TNF-o) and MG-132 was purchased from
R&D Systems and Calbiochem.

www.aacrjournals.org
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Plasmid constructs. To obtain full-length ¢cDNA of human IKKp, PCR
was carried out on a SuperScript cDNA library (Invitrogen) using the fol-
lowing primer pairs: 5'-ATGAGCTGGTCACCTITCCCTGACAAC-3' and 5'-
TCATGAGGCCTGCTCCAGGCAGCTG-3' (IKKR). The PCR product was
ligated into the pGEM-T easy vector (Promega), and Flag-IKK{ was ligated
into the p3xFLAG-CMV10 vector (Sigmay).

Oligonucleotide microarray analysis. Duplicate samples were pre-
pared for microarray hybridization. Total RNA (2 pg) was reverse tran-
scribed using a GeneChip 3'-Amplification Regents One Cycle ¢cDNA
Synthesis kit (Affymetrix) and labeled with Cy5 or Cy3. The labeled cRNA
was applied to the oligonucleotide microarray (Human Genome U133 Plus
2.0 Array; Affymetrix), the microarray was scanned on a GeneChip Scan-
ner3000, and the image was analyzed using GeneChip Operating Software
version 1 as described previously (15).

Determination of melanoma growth-stimulating activity o/CXCL1,
epithelial-derived neutrophil activating protein-78/CXCLS, IL-8/
CXCLS8, and VEGF-A levels by ELISA. The concentrations of IL-8/CXCL8,
VEGF-A, melanoma growth-stimulating activity a (Groa)/CXCL1, and epi-
thelial-derived neutrophil activating protein-78 (ENA-78)/CXCL5 in the ho-
mogenized supernatant of mouse xenograft tumors and conditioned
medium were measured using commercially available ELISA kits (R&D Sys-
tems) in accordance with the manufacturer's instructions.

EMSA. EMSA was done as follows. Nuclear extract (6 ug) was incubated
for 15 min at room temperature with a 1 x 10* counts/min ¥*P-labeled ol-
igonucleotide probe in binding buffer [10 mmol/L HEPES-NaOH (pH 7.9),
1 mmol/L EDTA, 50 mmol/L NaCl, 10% glycerol, 0.1 mg/mL bovine serum
albumin, 0.05% NP-490, 0.005 mg/mL DTT, 0.05 mg/mL poly(deoxyinosinic-
deoxycytidylic acid)] as described previously (16). The reaction mixtures
were separated on a nondenaturing 4% polyacrylamide gel, and radicactiv-
ity was'detected with a FLA 5000 image analyzer (Fuji Film):

Immunoprecipitations and Western blotting. The cells treated with
or without MG-132 (10 pmol/L} under 2% seriim condition for 8 h were
lysed in lysis buffer [50 mmol/L Tris-HCl (pH 8.0), 250 mmol/L NaCl,
0.3% NP-40, 1 mmol/L EDTA; 10%. glycerol, 0.1 mmol/L NazVO,] supple-
mented with a mixture of protease inhibitors. Lysates were incubated with
anti-ubiquitin antibody for 2 h at 4°C and with protein A/G agarose for
additional 1 h. After all inmunoprecipitates were washed three times with
lysis buffer, Western blotting was done with anti-IKKp antibody as de-
scribed previously (17). The intensity of the luminescence was quantified
using a CCD camera combined with an image analysis system (LAS-1000;
Fuji Film).

Animals. All animal expéeriments were approved by the Ethics of Animal
Experiments Committee at Kyushu University Graduate School of Medical
Sciences.: Male athymic nu/nu mice were purchased from Charles: River
Laboratories and housed in microisolator cages maintained under a
12-h light/dark cycle. Water and food were supplied: ad Lbitum. Animals
were observed for signs of tumor growth; activity, feeding; and pain in
accordance with the guidelines of the Harvard Medical Area Standing Com-
mittee on Animals.

Immunohistochemical analysis. MIApaca-2 transfectants were in-
jected subcutaneously into mice (1.0 x 107 cells/0.1 'mL/mouse). At day
49 after transplantation of MIApaca-2 transfectants, the tumors were fixed
and immunohistochemical analysis was done as described previously
(5, 18). All human tissue samples were fixed and embedded in paraffin,
and immunohistochemical analysis was done as described previously
(5, 18). In-all tissue samples, the mean value of the number of infiltrating
macrophages and neutrophils and the MVD were calculated from four or
five hotspots. All counts were done by three independent observers.

Statistical analysis. Data are expressed as mean + SD.’All calculations
(Welch's £ test, Student's ¢ test, and Wilcoxon/Kruskal-Wallis test) were
done using JMP version 5.0 (SAS Institute).

Patients and specimens. Surgically respected specimens from 37 pa-
tients with pancreatic ductal adenocarcinoma were studied. Al patients
underwent ‘surgical resection’ between 1991 ‘and 1998 at the Department
of ‘Surgery, Kurume University Hospital. Informed consent was obtained
from all patients, and the study protocol was approved by the Ethics Com-
mittee of Kurume University.

Results

NDRG1/Cap43 down-regulates the expression of angiogene-
sis- and inflammation-related genes. To understand how
NDRG1/Cap43 modulates tumor angiogenesis and growth in pancre-
atic cancer cells, we compared the expression profiles of NDRG1/
Cap43 transfectant (Cap#11) and the parental low-expression coun-
terpart (Mock#2) of MIApaca-2 cells using a high-density oligonucle-
otide microarray (Supplementary Table §1).

We selected eight genes predicted to be associated with adhe-
sion, growth, and chemotaxis (Supplementary Table §2). Because
our previous study showed that NDRG1/Cap43 overexpression in
panereatic cancer cells reduced the expression of angiogenesis-re-
lated factors such as VEGF-A and IL-8/CXCL8 (5), we also selected
these genes, the expression of which showed a decrease of ~0.7
(Supplementary Table §2).

We confirmed the expression of NDRG1/Cap43 in two NDRG1/
Cap43 transfectants (Cap#11 and Cap#14) and their mock transfec-
tants (Mock#2) of MIApaca-2 cells (Fig. 14). We compared the ex-
pression of these genes in high- and low-NDRG1/Cap43-expressing
MIApaca-2 cells by quantitative real-time PCR. From the array re-
sults, we selected NCAM1; which was up-regulated by NDRG1/
Cap43; as a control. The mRNA expression-levels of Groa/CXCL1,
ENA-78/CXCL5; IL-8/CXCL8, and VEGF-A were significantly de-
creased in two NDRG1/Cap43 transfectants (Cap#11 and Cap#14)
in comparison with Mock#2 cells (Supplementary Fig. S1).

We used ELISA assays to compare protein levels of chemokines
among paricreatic cancer cells showinig low and high expression of
NDRG1/Cap43 (Fig. 1B). We observed that Cap#11 and Cap#14
cells showed a marked decrease in the production of Groa/CXCL1
and ENA-78/CXCL5 ‘as well as IL-8/CXCLS.

NDRG1/Cap43 suppresses the NF-«B signaling pathway in
paricreatic cancer cells. Representative angiogenic factors ‘such
as [1.-8/CXCL8 and VEGF-A are regulated by NF-xB (19). We inves-
tigated whether NDRG1/Cap43 expression’interfered  with the
NF-¢B signaling pathway in pancreatic cancer cells. The phosphor-
ylation of IkBa was activated in Mock#2 cells cultured in the pres-
enice of 29 serum compared with Cap#11°and Cap#14 cells (Fig: 1C,
leff); By contrast, in"the abserice of serum, there appeared to be
weak activation of IxBa in Mock#2 cells. However, NDRG1/
Cap43 expression level was not affected with or without serum
in NDRG1/Cap43 transfectants (Fig. 1C, left). Next, we determined
the expression levels of proteins related to the NF-«B signaling
pathway to examine which molecules are responsible for the dif-
ference in the phosphorylation level of IxBa between NDRG1/
Cap43 and mock transfectants. Phosphorylation of IxBa is regulat-
ed by the IKK complex; which' consists of two: catalytic subunits,
IKKa and IKKR; and a regulatory component, IKKy/NEMO, The
expression of IKKp. was markedly reduced in.Cap#11 and
Cap#14 cells compared with: Mock#2. cells (Fig. 1C; middle). There
were no differences in the expression levels of other NF-«B signal-
inig pathway-related proteins (NIK, TAB1/2; TAKL, IKKa; and
IKK~y) between NDRG1/Cap43 and mock transfectants, and the ex-
pression levels of NF-xB subunits such as p65, p50, RelB, and p52
in Cap#11 and Cap#14 cells were similar to those in Mock#2 cells
(Fig. 1G; right): Expression of IKKp mRNA is slightly, but not sig-
nificantly, decreased in NDRG1/Cap43 transfectants (Supplemen-
tary Fig.'S2). In' Cap#11 and Cap#14 cells, nuclear translocation
of p65 was decreased by ~50% to 70% and that of p50 was de-
creased by ~80% compared with Mock#2, respectively (Fig. 1D,
left). Expression of p65 and p50 showed only-a slight increase in
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Antianglogenic Role of NDRG1/Cap43 in Tumors

A
MiApaca-2
NDRG1/Cap43
B-actin
B
Figure 1. NDRG1/Cap43 reduces = 1000 Groa/CXCL1 = 600 ENA-78/CXCLS5 = 1200 IL-8/CXCL8
expression levels of CXG chemokines and % 3 % 1000
phosphorylation of IxBa in MlApaca-2 cell 8 800 *e Kk 9 400 S 500 *h kk
lines showing low and high NDRG1/Cap43 S 600 S S
expression. All experiments, except A, = = *h kK = 600
were done with 2% serum for 24 h, A, 'é' 400 "E‘ 200 —E' 400
Western blot analysis of NDRG1/Cap43 S 200 B S 200
expression in MiApaca-2 transfectants. k=3 0 2 2 0
B, ELISA assay analysis of Groa/CXCL1, MockCap Ca Ca
ENA-78/CXCLS, and IL-8/CXCLS protein 42 oy dan M;’zc k g: 4 #1 " Mock Cap Cap
levels in NDRG1/Cap43 and mock #2 #11 #4
transfectants of MiApaca-2 cells. Golumns, c
mean of three independent experiments;
bars, SE. **, P < 0,01 versus Mock#2 cells. & = 3 g =3 g s =
C, phospharylation of IkBa and NDRG1/ 5 0% 0B S B % s & B
Cap43 expression in NDRG1/Cap43 and 2 8 S 2 88 £ 388
mock transfectants cultured with or without — -
2% serum for 24 h was measured by Serum - F et -+ NIK § ,
Western blotting (/ef). Western blot p-ikBa :
analysis of the expression of NF-kB E
signaling pathway-related proteins using & TAB1/2
whole-cell lysates prepared from NDRG1/ ikBa :
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cytosol fraction of Cap#11 and Cap#14 compared with that of
Mock#2 (Fig. 1D, right).

We next performed EMSA to assess whether NDRG1/Cap43 al-
tered the binding ability of NF-xB. One major shifted protein-DNA
complex was observed after incubation of nuclear extracts pre-
pared from Mock#2 cultured with 2% serum for 24 h (Fig: 24).
These complexes were specifically competed out with a 2-fold ex-
cess of the same unlabeled oligonucleotide but not with an unla-
beled TRE and GC-box cligonucleotide. The protein-DNA complex
after incubation of nuclear extracts was markedly decreased in
Cap#11 and Cap#14 compared with Mock#2 when cultured with
2% serum. When protein-DNA complexes were incubated with
antibodies against p65 and p50, supershifted bands were observed

in Mock#2 (Fig. 24). We next examined whether the reduced level
of p-IkBa could be restored by a potent inflammatory cytokine,
TNF-a, in NDRG1/Cap43 transfectants (Fig. 2B). TNF-a induced
phosphorylation of IkBa in both Cap#11 and Cap#14-at similar le-
vels as their parental counterpart. However, cellular levels of IKKp
in Cap#11 and Cap#14 were not affected by TNF-o., Figure 2C
shows that TNF-o also restored the expression of IL-8/CXCL8 in
Cap#11 and Cap#14 cells to levels comparable with those in
Mock#2 cells. Treatment with TNF-a also enhanced the affinity
of p65 and p50 for NF-«B binding sites in Cap#11 and Cap#14 at
similar levels to those in their parental counterparts (Fig. 2D). Tak-
en together, NDRG1/Cap43 was not involved in TNF-a-induced
NF-«B signaling pathway.
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IKKP overexpression overcomes NDRG1/Cap43-induced
suppression of IkBa phosphorylation and chemokine expres-
sion. Expression of IKKR was decreased in two NDRG1/Cap43
transfectants (Cap#11 and Cap#14). We examined whether exoge-
nous IKKP expression was able to restore the IxBa phosphorylation
in NDRG1/Cap43 transfectants. Expression of IKK was augmented
in both NDRG1/Cap43 and mock transfectants after transfection of
the exogenous IKKP gene {Fig. 34). The phosphorylation of IxBa
was increased in Cap#11 to a level comparable with that in Mock#2.
Expression of Groo/CXCL1, ENA-78/CXCL5, and IL-8/CXCL8 was
also significantly increased after transfection of IKKf in Cap#11
cells when there was no apparent difference in the expression levels
of these chemokines between empty and IKK transfection in

Mock#2 (Fig, 38). Expression of VEGF-A was also increased in
IKKf-transfected Cap#11 cells compared with that in empty-trans-
fected Cap#il cells. We observed that VEFG-A expression was
decreased in IKK(A-transfected Mock#2 compared with empty-
transfected Mock#2 cells, but the reason for this remains unclear.

IKKf has been reported to hold a putative ubiquitin-like domain
(20). We examined whether the reduced expression of IKKB pro-
tein was restored by proteasorne inhibitor, MG-132, in Cap#11
cells. MG-132 inhibited degradation of p-IxBa in both Mock#2
and Cap#11 cells (Fig. 3C). Furthermore, expression of IKK@ in
Cap#11 cells was restored to similar levels as in Mock#2 cells when
treated with MG-132. MG-132 did not significantly affect IKKp
mRNA expression in Mock#2 (P = 0.65) and Cap#11 (P = 0.48) cells

A D D
3 g3
s ¥ FF
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i Soo S
&N o 5 99 <
A N & Q
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nuclear extract 30 '§ (‘}"l nuclear extract Mocki#2
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sS=¢ Flgure 2. Suppression of binding activity of
NF-xB by NDRG1/Cap43. A, EMSA using the
NF-kB binding oligonucleotide. Nuclear
> extracts from three transfectants cultured in the
NS =

presence of 2% serum were incubated with
oligonucleotide as described.in Matetials and
Methods. Black arrowheads, shifted bands;
0.08-, 0.4~, or 2-fold molar excess of unlabeled
aligonticlectide was used as the competitor.

A 2-fold molar excess of unlabeled
oligonucleotide (TRE and GC-box) was used
as a negative control for this competition assay.
Arrows, positions of the supershifted bands
(88); NS, nonspecific band (white arrowheads).
B, Western blot analysis of IkBa
phosphorylation and expression of IKKa, IKKB,
and KKy in NDRG1/Cap43 and mock
transfectants under serum-free conditions with
or without TNF-a {20 ng/mL) stimulation for
30 min. C, ELISA assay analysis of IL-8/CXCL8
protein levels in NDRG1/Cap43 and mock
transfectants of MiApaca-2 cells under
serum-free conditions with or without TNF-a
(20 ng/mL) for 24 h. Columns, mean of three
independent experiments; bars, SE. *, P <

0.05; **, P < 0.01 versus mock transfectants.
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oligonucleotide with nuclear extracts from three
transfectants under serum-free conditions
with or without TNF-ax (20 ng/mL) for 30 min.
Black arrowheads, shifted bands.
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(Fig. 3D, top). We further examined whether IKKB was ubiquiti-
nated or not in the presence of MG-132. As shown in Fig. 3D (bot-
tom), ubiquitination of IKKP was shown in Cap#11 cells,
suggesting that a proteasomal degradation plays a role in down-
regulation of IKKB in the NDRG/Cap43-expressing cells.

NDRG1/Cap43 suppresses infiltration of inflammatory cells,
expression of angiogenesis-related factors, tumor growth, and
tumeor angiogenesis. Consistent with our previous study (5), there
was no difference in growth rates among Mock#2 and Cap#11 cells
in culture (Fig. 44). By contrast, tumor growth of Cap#11 was
markedly reduced in comparison with Mock#2 in a subcutaneous
mouse xenograft model (Fig. 48, bottom). Immunoblotting analysis
showed that NDRG1/Cap43 protein was consistently and highly ex-
pressed in Cap#11 tumors on day 49 after inoculation compared
with Mock#2 tumors (Fig. 4B, top).

NDRG1/Cap43 was found to reduce the expression of chemo-
kines and growth factors that function in chemotaxis. of mono-
cytes/macrophages and neutrophils (Fig. 1B; Supplementary
Fig. S§1). Mock#2 and Cap#11 tumor sections were further analyzed
by immunohistochemistry for expression of microvessels (CD31),
macrophages (F4/80), and neutrophils (Gr-1; Fig. 4C, top). MVD
staining showed a markedly higher number of tumor neovessels
in Mock#2 tumors than in Cap#11 tumors on day 49 after implan-
tation (Fig, 4G, bottom). There appeared to be much lower infiltra-
tion of F4/80-positive macrophages and also Gr-1-positive
infiltrating neutrophils in the stroma of Cap#11 timors compared
with that of Mock#2 tumors (Fig. 4C, bottorn). NDRG1/Cap43 ex-
pression was thus closely associated with decreased MVD and also
with a decreased number of infiltrating macrophages and neutro-
phils in mouse xenograft.tumors. Expression of IL-8/CXCL8 and
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VEGF-A was significantly reduced in Cap#11 tumors compared
with Mock#2 tumors (Fig. 4D), suggesting that reduced expression
of such chemokines and growth factors was continuously main-
tained during tumor growth in this mouse xenograft model.
Association of NDRG1/Cap43 expression level with infiltrat-
ing inflammatory cells in tumors of pancreatic cancer pa-
tients. Expression of NDRG1/Cap43 was previously shown to be
inversely correlated with MVD in the tumors of patients with pan-
creatic cancer (5). Based on the expression level of NDRG1/Cap43
in resected specimens from 37 patients with pancreatic ductal ad-
enocarcinoma, we divided them into two groups: NDRG1/Cap43
positive (r = 18) and NDRG1/Cap43 negative (n = 19). Supplemen-
tary Table 83 shows the association between NDRG1/Cap43 ex-
pression and clinicopathologic variables such as age, gender;
depth of invasion, lymph node metastasis, and pathologic stage

in patients with pancreatic ductal adenocarcinoma. High
NDRG1/Cap43 expression was significantly correlated with inva-
sion depth (Supplementary Table S3).

In the human tumor stroma, some cases showed a lower num-
ber of infiltrating CD68" macrophages/monocytes in NDRG1/
Cap43-positive pancreatic cancer (Fig. 54, @ and b), whereas others
showed a higher number of infiltrating CD68" macrophages/mono-
cytes in NDRG1/Cap43-negative pancreatic cancer (Fig. 54, ¢ and
d). Quantitative analysis indicated that the number of infiltrating
macrophages/monocytes was relatively higher in patients with
NDRG1/Cap43-negative tumors than in those with NDRG1/
Cap43-positive tumors (Fig. 54, right), the mean number of infil-
trating macrophages/monocytes being 97.5 and 62.3, respectively.
However, similar numbers of infiltrating neutrophils were observed
in the tumor stroma of patients with NDRG1/Cap43-positive and
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4

Figure 5. NDRG1/Cap43 expression levels and
nurnbers of infiltrating inflammatory cells in

human pancreatic cancer. A, immunohistochemical
analysis of macrophages in tumor stroma using the
anti-NDRG1/Cap43 antibody and anti-CD68 antibody.
Representative photographs showing low infiltration of
macrophages in NDRG1/Cap43-positive specimens
(a and b). Representative photographs showing high
infiltration of macrophages in NDRG1/Cap43-negative
specimens (c and d). Bar, 50 ym (a and ¢) and
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NDRG1/Cap43-negative pancreatic cancer (Fig. 5B). Quantitative
analysis showed that the mean number of infiltrating neutrophils
was 40.2 in NDRG1/Cap43-negative specimens and 46.7 in NDRG1/
Cap43-positive specimens, with no significant difference (Fig. 5B,
right).

Our previous study showed that NDRG1/Cap43 expression
levels were inversely correlated with MVD (5). Therefore, we fur-
ther examined whether infiltration of macrophages/monocytes
and neutrophils was associated with MVD in patients with
NDRG1/Cap43-positive-and NDRG1/Cap43-negative pancreatic
cancer (7 = 37). The riumber of infiltrating macrophages/mono-
cytes was positively correlated with MVD (Fig, 5C; P < 0.05). How-
ever, there was no correlation between the number of infiltrating
neutrophils and the MVD (Fig. 5D).

Discussion

We reported previously that NDRG1/Cap43 overexpression sup-
pressed the expression of VEGF-A, 1L-8/CXCLS, and matrix metal-
loproteinase-9 in pancreatic cancer cells {5). In the present study,
we showed that NDRG1/Cap43 down-regulated the expression of
several other genes, including chemoattractants for inflammatory

cells, We also observed that decreased expression of IL-8/CXCL8
and VEGF-A in mouse tumors was associated with high expression
of NDRG1/Cap43. These chemoattractants down-regulated by
NDRG1/Cap43 had chemotactic effects on monocytes/macro-
phages and neutrophils. Our results showed that overexpression
of NDRG1/Cap43 resulted in marked decrease in infiltration of
macrophages and neutrophils in xenograft models.

One critical step in progression from a benign to a malignant
state is angiogenesis. Infiltration of activated fibroblasts (21),
macrophages/monocytes (22), and neutrophils (23) is expected
to play a key role in the angiogenic switch of cancer (23-25). From
our laboratory, we have also reported that infiltration of macro-
phages in the tumor stroma markedly promoted angiogenesis
through the secretion of various proangiogenic cytokines and ex-
tracellular matrix-degrading proteases (18, 26-29). Groa/CXCL1,
ENA-78/CXCL5, and IL-8/CXCL8 play an important role in: tu-
mor-associated angiogenesis and tumorigenesis in cancers of the
kidney, pancreas, head and neck, and lung (30-33). Also, expres-
sion of CXC chemokines and VEGF-A would thus be expected to
be closely involved in NDRG1/Cap43-induced suppression of tumor
angiogenesis (Fig. 6). However, it is important to elucidate in more
detail the underlying mechanism by which cytokines and growth
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Figure 6. NDRG1/Cap43 plays a critical role as an antiangiogenic regulator
through modulation of the tumér microenvironment in pancreatic cancer. NDRG1/
Cap43 attenuates activation of the NF-xB/IKK@ signaling, resulting in decreased
expression of CXC.chemokines (Groa/CXCL1, ENA-78/CXCLS5, and IL-8/
CXCL8) and VEGF-A. NDRG1/Cap43 might thus remodel the tumor
microenvironment by affecting the accumulation of inflammatory cells
(macrophages and neutrophils), tumor angiogenesis, and tumor growth.

factors are directly involved in the NDRG1/Cap43-dependent sup-
pression of inflammatory cell infiltration and angiogenesis.

Constitutive activation of NF-«B signaling pathway has been re-
ported in many cancers, including pancreatic cancer (34). Fujioka
and colleagues reported that parncreatic cancer cells expressing
phosphorylation-defective IkBo showed decreased tumorigenicity
in-an orthotopic nude mouse model (35). In this mouse imodel, de-
letion of IKK: in-intestinal epithelial cells led to a decrease in tu-
mor incidence without affecting tumor size (36). These studies
suggested that the IKKB-NF-kB signaling pathway plays an impor-
tant role in tumor development.

In our present study, NDRG1/Cap43 reduced the expression of
p-IxBa and its upstream regulator IKK( in pancreatic cancer cells.
However, we found no apparent phosphotylation of IKKoe and
IKKp in NDRG1/Cap43 and mock transfectants under 2% serum
condition (data not shown), suggesting that decreased expression
of IKKP is responsible for the loss of p-IkBa in NDRG1/Cap43
transfectants. The loss of p-IkBa results in reduction of both nu-
clear translocation of p65 and p50 and their binding to the NF-xB
motif, NDRG1/Cap43-induced suppression of IKKp was almost
completely restored by a proteasome inhibitor. Introduction of
an exogenous IKKP gene was able to restore IxBa phosphorylation
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Overexpression of Class lll 3-Tubulin Predicts Good Response to
Taxane-Based Chemotherapy in Ovarian Clear Cell Adenocarcinoma

Daisuke Aoki,' Yoshinao Oda,® Satoshi Hattori,® Ken-ichi Taguchi,” Yoshihiro Ohishi,? Yuji Basaki,5®
Shinji Oie,” Nao Suzuki," Suminori Kono,* Masazumi Tsuneyoshi,® Mayumi Ono,5®

Takashi Yanagawa,® and Michihiko Kuwano®®

Microtubules are the principal: target of a large and. diverse
group of natural-product anticancer therapeutic drugs, partic-
ularly of two major classes of antimicrotubule agents: the vinca
alkaloids and the taxanes (1). Microtubules are composed of
polymers of heterodimers that: consist of two closely related
polypeptides, a-tubulin and B-tubulin, which in turn contain
«-.or B-subunits and at least six isotypes encoded by different
genes. Isotype composition inflitences the intrinsic dynamics of
microtubules; and the sensitivity of microtubules to depslyme-
rizing and polymerizing agents is related to the composition of
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tubulin isotypes or. microtubule-associated . proteins (MAP;
ref. 2). MADPs, important components. of the tubulin and
microtubule: system,. can bind. to: the microtubule wall and
stabilize: microtubules: (3): MAP2. and MAP-1 are abundantly
expressed in. mature: neurons, and MAP4 is ubiquitously
expressed in_both proliferating. and differentiated cells (4).
Stathmin. is. also. the founding member of the microtubule-
destabilizing family of proteins, which. regulate the dynamics
of microtubule polymerization and: depolymerization.. Stath-
min is expressed at high levels in a variety of human cancers
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and also plays a role in altered drug sensitivity in human cancer
cells, including ovarian: cancer'cells (5; 6).

The antitumor:drug taxane stabilizes microtubules and
reduces their dynamics, promoting mitotic arrest: and' cell
death. Paclitaxel, a representative anticancer agent  of the
taxanes, was initially defined by Horowitz and colleagues,
and its binding sites are distinct from: those. of colchicine,
podophyllotoxin, and the vinca alkaloids (7, 8). Paclitaxel
initially received regulatory approval for the treatment of
patients with ovarian cancer after failure of first-line or
subsequent chemotherapy (9). In a Gynecologic Oncology
Group study (GOG-111), it was thus determined to be the
primary induction' therapy in suboptimally debulked stage III
and IV ‘ovarian cancer, ‘which - mainly consists of serous
adenocarcinoma (10). This study first compated the therapeutic
efficacy of paclitaxel/cisplatin and cyclophosphamide/cisplatin
in patients with ovarian cancer (10). The paclitaxel arm showed
a distinct advantage in terms of progression-free survival (PFS)
as well as overall survival (OS). A clinical trial by the European
Organization for Research and Treatment of Cancer and the
National “Cancer Institite of Canada also" showed that a
paclitaxel/cisplatin ‘regimen improved both PFS'and OS (11).
Another clinical trial study, however, reported that survival in
the paclitaxel arm was similar to that seen in the control arm
that received either carboplatin or cisplatin, doxorubicin, and
cyclophosphamide (12). It remains unclear whether paclitaxel-
cisplatin (or carboplatin) therapy is superior to: cyclophospha-
mide/cisplatin {or carboplatin):therapy.

Of the 'various molecular markers related to drug sensitivity
to taxanes, class Il B-tubulin is expected to be a useful
biomarker for the clinical efficacy of paclitaxel-based. chemo-
therapy. -Class - III. p-tubulin is hypothesized  to counteract
suppression - of ‘microtubule “dynamics™ (13)." Ferlini et al.
reported that a novel taxane targeting class Il ‘B-tubulin
overcame paclitaxel resistance, suggesting close involvement
of this tubulin isotype in drug sensitivity to~ paclitaxel (14).
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Mozzetti et al. reported that class I B-tubulin overexpression
represented a prominent mechanism of resistance Lo paclitaxel-
platinum treatment in ovarian cancer (15). Moreover, class III
B-tubulin overexpression could be useful in identifying poor
clinical outcome in patients with advanced ovarian cancer who
are treated with platinum/paclitaxel, those mainly affected with
serous adenocarcinoma (16). These studies have been con-
ducted mainly in serous adenocarcinoma of ovarian cancer. It
remains unknown, however, whether class IIl #-tubulin over-
expression is also predictive of poor outcome in clear cell
adenocarcinoma, which is a rare variant in western countries,
where it is reported to constitute 5% to 10% of ovarian
carcinomas (17-19). Clear cell adenocarcinoma has been
recognized as'a chemoresistant phenotype (20, 21).

Japanese investigators have reported that clear cell adenocar-
cinoma constitutes about 20% of ovarian carcinomas in Japan
(20, 22), although clear. cell: adenocarcinoma of the ovary
accounts for only 2% to. 5% of cases. enrolled in large-scale
randomized trials worldwide (22,:23): Thus, it is unclear
whether carboplatin/paclitaxel therapy, which was introduced
broadly as a standard: regimen for: epithelial ovarian cancer
based on.the results of such trials; can:be readily applied for
clear cell adenocarcinoma.’ Development of novel treatment
strategies ' based on molecular biological characteristics is
further required for clear cell adenocarcinoma.

In the present study, we addressed: whether expression of
g-tubulin II[; MAP4, and stathmin could affect the efficacy of
taxane-based therapeutic regimens against clear cell adenocar-
cinoma. Using immunohistochemical analysis of surgically
resected  clinical: samples of  clear: cell adenocarcinoma, we
examined expression levels of the above three biomarkers. In
comparison with: ovarian cancer patients treated with taxane-
free regimens; we observed a significant and specific association
of p-tubulin III' expression with  therapeutic outcomes of
ovarian cancer treated with taxane-based regimens. We discuss
whether the expression of g-tubulin III could be a predictive
marker for the clinical efficacy of taxane-based chemotherapy
against ovarian clear cell adenocarcinoma.

‘Materials and Methods

Cells  and ‘reagents.~ The human ovarian cell lines' OVCAR-3 and
SKOV-3; which: expressed  B-tubulins: (I, I, III; and-IV),- MAP4, and
stathmin, were ‘obtained from the American Type Culture Collection.
Cells were. grown in Ham’s F-12. Medium. (Nissui Seiyaku Co.) with
10% fetal bovine serum (FetalClone III; Hyclone), 100 IU/mL
penicillin, and 100 pg/mL streptomycin (Life Technologies, Inc.) in a
humidified atmosphere of 5% CO, at 37°C. Padlitaxel (Taxol injection)
and cisplatin (Briplatin injection) purchased from Bristol-Myers Squibb
were clinically used. The polyclonal antistathmin was obtained from
Calbiochem. The monoclonal; class I f-tubulin antibody (clone 5G8)
was obtained from Promega. The morioclonal MAP4 antibody (clone
18) was purchased from' BD Transduction Laboratories:

Silencing of B-tubulins (I, I, HI, 1V); MAP4, and stathmin geries.” To
redtice the expression of some genes, we used Stealth RNAI (Invitrogen
Life Technologies) to knock down the expression of B-tubulin 1
(NM_030773_stealth_706), p-tubulin II (NM_001069_stealth_1444)},
B-tubulin III (NM_006086_stealth. 233), B-tubulin IV
(NM_006087_stealth_352), MAP4 (NM_002375_stealth_2042), and
stathmin. (STMN1-HSS142799). - Subconfluent human ovarian: cells
were cultured overnight-in Opti-MEM' I medium (Invitrogen - Life
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Technologies) without antibiotics, then 40 nmol/L small interfering
RNA (siRNA) and Lipofectamine RNAiMax (Invitrogen) were applied
according to the manufacturer’s instructions. After 32 h, cells were
detached from the culture plates and seeded into 96-well plates in F-12
medium with 10% fetal bovine serum. After a further 16-h incubation,
paclitaxel or cisplatin was applied and cells were cultured for 3 d more.
The numbers of cells were estimated by WST-8. The ICsqy value was
estimated from the regression line of log-logit plots of T/C (%) value
versus drug concentration. The assays were carried out in quadruplicate.

Quantitative real-time PCR. RNA was reverse-transcribed from
random hexamers using AMV reverse transcriptase (Promega). Real-
time quantitative PCR was done using the Real-Time PCR system 7300
(Applied Biosystems). In brief, the PCR amplification reaction mixtures
(20 pL) contained cDNA, primer pairs, the dual-labeled fluorogenic
probe, and TagMan Universal PCR Master Mix (Applied Biosystems).
The thermal cycle conditions included maintaining the reactions at
50°C for 2 min and at 95°C for 10 min, and then alternating for
40 cycles between 95°C for 15 s and 60°C for 1 min, The primer pairs
and probes were obtained from Applied Biosystems. The: relative
gene expression for each sample was determined using the formula
2 (dela G 5 (Gt (GAPDH).CE (tagel)) \hich reflected the target gene
expression normalized to GAPDH levels.

Patients. Ninety-four patients with primary ovarian dear cell
adenocarcinoma, who had undergone debulking surgery at Keio
University Hospital from 1983 to 2005, were examined. The
histopathologic diagnoses of the: all cases were confirmed according
to the most recent WHO classification (WIO 2003). Patients were
staged according to the International PFederation of Obstetrics and
Gynecology (FIGO) classification (24). Forty-four patients underwent
chemotherapy using- regimens containing taxanes [paclitaxel plus
carboplatin (n = 39), paclitaxel plus cisplatin {n = 3), docetaxel plus
cisplatin (n = 2); paclitaxel, 180 mg/m” body surface/day 1, docetaxel,
70 mg/m” body surface/day 1, cisplatin, 60 mg/m? body surface/day 1,
and carboplatin, area under the curve 6/day 1]. Fifty patients received
taxane-free regimens [CAP groups (n = 36): cisplatin (60 mg/m? body
surface/day 1), epirubicin (50 mg/m2 body surface/day 1), and
cyclophosphamide (500 ‘mg/m” body: surface/day 1);" CAP plus
fluorouracil (n = 1), CAP plus tegafur-uracil (n = 2), cisplatin plus
cyclophosphamide (n = 11)]. The doses of carboplatin were calculated
using Calvert's formula.

The effect of chemotherapy was evaluated approximately every 6 mo
by computed tomography after 6 cycles of administration of chemo-
therapy. After chemotherapy, all patients were followed up every 2 mo
for the first year, every 3:to 4°mo for the next 2 y, and every 6 mo
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Fig. 1. Drug sensitivity to paclitaxel or cisplatin in human ovarian cancer cells treate

d with siRNA for g-tubulin isoforms, MAP4, and stathmin, 4, mRNA expression of

p-tubulin isoforms (1, I, 1ll, IV), MAP4, and stathmin after treatment with respective siRNA for 48 h were determined by real-time PCR analysis. The expression of g-tubulin IV
mRNA in OVCAR-3 cells was not detected. B, cells treated with respective siRNA were seeded into 96-well plates at 2 X 10% cells/0.1 mL/well and incubated oyemight.
On the following day, a 100-pL aliquot contairiing paclitaxel or cisplatin was added to the wells and cultured for a further 3'd. The number of viable cells was estimated

using the WST-8 assay. The assays were carried out in quadruplicate.
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Fig. 2. A and C, stage llc clear cell adenocarcinoma
of a 55-year-old woman treated with the
paclitaxel-carboplatin regimen. Cytoplasmic strong
expression of stathmin (4, ¥15%) and p-tubulin {ii
(C. score 7} can be diffusely observed in the tumor
cells. The patient currently shows no evidence of
disease 2,487 d (83 mo) after surgery..B and D,
stage llc tumor of a 56-year-old woman treated
with the paclitaxel-carboplatin regimen. A few wmor
cells (¢<15%) show only faint immunorsactivity for
stathmin in the cytoplasm or nuclei, which was
judged as negative (C). p-Tubulin flf can be
recognized in 10% of tumor cells with intermediate
intensity and was interpreted as negative (scote 4;
D). This patient died of disease 447 d (15 mo)

after initial surgery.

thereafter. Clinical outcome was measured by PFS and OS. PES was
defined as the interval from the date of first treatment (laparotomy or
the first administration of neoadjuvant chemotherapy) ‘to the date of
the diagnosis:of progression. We obtained informed consent from all
patients, and personal information was removed from all_samples
before analysis.

Immunohistochemistry. Surgically resected specimens were fixed
with 10% formalin and embedded in paraffin. Sections 4-um thick
on silane-coated slides were stained using the streptavidin-biotin:
peroxidase method with a Histofine SAB-PO kit (Nichirei) according to
the manufacturer’s instructions. At least one representative section
without degenerative change or necrosis was examined in each tumor.
After deparaffinization, - rehydration; and: inhibition of endogenotis
peroxidase, sections were exposed to'the primary antibodies at 4°C
overnight. The dilutions of the primary antibody were as follows:
MAP4, 1:1500; stathmin, 1:1000; and: B-tubulin III, 1:200. After
incubation of the secondary antibody and the streptavidin-biotin
complex at room temperature; the sections were then incubated in 3
3'- diaminobenzidine, counterstained with hematoxylin, and mounted;
For all antibody staining, sections were pretreated with microwave
irradiation for antigen retrieval.

Immunohistochemical results were evaluated and scored by three
pathologists (Y. Oda, K. Taguchi, and Y. Ohishi) without knowledge of
patient clinical data. MAP4 and stathmin immunoreactivity was scored

by estimating the percentage of labeled tumor cells. When >80% of
the tumor cells showed immunoreactivity for MAP4, we judged the
case to be positive. For'stathmin expression, the cutoff value was 15%,
based on a previous study (25). For class Il g-tubulin expression, we
evaluated the:proportion and intensity of the immunoreactive cells
following the protocol used to evaluate estrogen/progesterone receptors
in breast cancer; proposed by Allred et al. (26, 27). Cases with a total
score of =7 were regarded as positive.

Statistical analysis. Statistical analysis was conducted for OS and
PFS to examine the effects of MAP4, stathmin, and P-tubulin I on
taxane efficacy.’ Product-limit estimators of survival functions were
obtained, respectively, relative to:positivity and negativity of each
marker in the patients to investigate the relationship between regimens
and markers. To adjust for possible confounding factors, Cox
proportional: hazards models were applied. The covariates considered
were a treatment indicator (0, taxane-free regimen; 1, taxane-based
regimen), marker (0, negative; 1, positive), their interaction, age, two
dummy variables representing FIGO stage and peritoneal cytodiagnosis
(FIGO stage I-II with peritoneal cytodiagnosis negative, FIGO stage I-II
with peritoneal: cytodiagnosis positive, and FIGO stage 1II-IV) and size
of residual tumor (0, <1 cm; 1, 21 ¢m).

Taking into account the size of the dataset, the latter four covariates
were summarized into a propensity score (28, 29} by fitting logistic
regression models with those variables to the data. The primary interest

: 'lfab"e 1. Cor elatlon between pos;tnve or negative expressnon of MAP4 stathmm, and B-tubulm III and tumor
,e or resudual tumor s
FIGO stege VResidual tumor
I/1I (n = 67) IIX/IV (n = 27) No (n = 74) Yes (n = 20)

No. of patients (%) No. of patients (%) No. of patients (%) No. of patients (%)
MAP4 (-) 36 (54) 12 (44) 39 (53) 9 (45)
MAP4 (+) 31 (46) 15 (56) 35 (47) 11 (55)
Stathmin (-) 29 (43) 11 (41) 33 (45) 7 (35)
Stathmin (+) 38 (57) 16 (59) 41 (55) 13 (65)
p-tubulin I1I (-) 30 (45) 11'(41) 33 (45) 8.(40)
p-tubulin 11T (+) 37 (45) 16 (59) 41 (55) 12(60)
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Fig. 3. The product-limit estimator of OS by regimens and microtubule-associated molecules. A; the product-limit estimators of OS for MAP4-negative patients (feft panel)
and for positive patients (right panel). B, the product-limit estimators of OS for stathmin-negative patients (feft panel) and for positive patients (right panel). C, the
product-limit estimators of OSfor p-tubulin lIl negative patients (feft panel) and for positive patients (right panel). Solid lines, survival functions of patients receiving the

taxane-based regimen; braken line, taxane-free regimen:

was the effect of the interaction between treatment and marker. With the
supposition that the effect of a taxane-based regimen for marker-negative
patients equals A and that of the taxane-free regimen for positive patients
equals B, the significance of the interaction shows that the effect of the
taxane-based: regimen for the marker-positive patients is greater than
A+B (i.e., it is synergistic).; Evidence of a synergistic effect indicates that
the effect of taxane is dependent on the status of the'marker, showing
the marker plays an important role in the effect of taxane. The cutoff
points that. determined positive and negative for each marker were

chosen by the Akaike's information criterion so that the Cox model fitted
best to the data (30).

‘Results

Effects of reducing expression of B-tubulin isoforms, MAP4, and
stathmin on drug sensitivity to paclitaxel and cisplatin in ovarian
cancer cells. We first examined whether gene silencing of
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Table 2. Simmary of interaction terms for the Cox regression

Stathmin p-tubulin I1X

MAP4
os
Regression coefficient (95% CI) -0.77 (-2.50 to 0.96)
P 0.383
PFS
Regression coefficient (95% CI) -0.40 (-1.91 to 1.12)
P 0.608

-1.37 (-3.17 to 0.43) -1.68 (-3.16 to 0.21)
0.135 0.026

-0.85 (-2.43 to 0.72) -1.52 (-2.90 to -0.15)
0.288 0.030

Abbreviation: 95% CI, 95% confidence interval.

p-tubulin isoforms, MAP4, and stathmin could affect drug sensi-
tivity to paclitaxel and cisplatin in the cultured human ovarian
cancer cell lines SKOV-3 and OVCAR-3. Cellular mRNA expres-
sion levels of these genes in two human ovarian cancer cell lines
were all markedly down-regulated when treated with respective
siRNA (Fig. 1A). We then examined the drug sensitivities of
paclitaxel or cisplatin in ovarian cancer cells treated with siRNA
of the tubulin isoforms, MAP4, and stathmin (Fig. 1B). When
B-tubulin Il or B-tubulin IV was silenced, the ICsp values of
paclitaxel increased to 16.8 nmol/L and 14.3 nmol/L, respec-
tively, from the control ICsq value of 3.9 nmol/L in SKOV-3 cells
(Fig. 1B). By contrast, down-regulation of B-tubulins I and II,
MAP4, and stathmin did not influence the sensitivity to pacli-
taxel in SKOV-3 cells. Down-regulation of B-tubulins I, II, I,
and IV, MAP4, and stathmin did not influence sensitivity to
cisplatin in either cell line (Fig. 1B). Two independent experi-
ments consistently showed the acquisition of drug resistance to
paclitaxel in SKOV-3 by knockdown of g-tubulins Il and IV.
Immunohistochemistry of MAP4, stathmin, and B-tubulin III
in human ovarian clear cell adenocarcinomas. Clinical and
pathologic characteristics at diagnosis are stimmarized in
Supplementary Table S1. The median age of the patients was
52 years {range, 29-74 years). Sixty tumors were considered to
be stage I, 7 stage II, 20 stage III, and 7 stage IV. Sixteen patients
who had residual tumors more than 1 cm in maximum diameter

‘Table 3. Hazal - positive/marker
negative) for su ~of taxane-based
regimen and taxa gimen by the Cox
proportional hazards models; two-tailed 95%

Is are given in parenthesis =

Marker hazard Taxane-based
ratio (95% CI) therapy

Overall survival
MAP4. 0.42 (0.11-1,66) 0.91(0.35-2.40) 0.383

Taxane-free P
therapy

Stathmin 0.96 (0.26-3.53) 3.78 (1.07-13.34) 0.135

p-tubulin II1 0.72 (0.22-2.44) 3.91 (1.49-10.23) 0.026
Progression-free survival

MAP4 0.53(0.17 -1.68) 0.79(0.31-2.02) 0.608

Stathmin 1.11(0.36-3.41) 2.60(0.85-7.96) 0.288

p-tubulin III 0.77 (0.26-2,31) 3.52/(1.37-9.01) ~ 0.030

NOTE: Age, FIGO stage, peritoneal cytodianosis, and size. of
residual tumor were adjusted by the propensity scores represent-
ing the four covarlates.

P values are based on Wald tests for interaction of taxane with the

were classified into the suboptimal group, whereas 78 patients
were placed in the optimal group with a residual tumor <1 cm,
including 74 complete resections. The median follow-up for PFS
for all 94 patients was 749 days (range, 23-8,318 days), whereas
the median follow-up for OS was 995 days (range, 23-8,318
days). The median follow-up of those patients who are currently
progression-free is 2,399 days (range, 212-8,318 days).

The cytoplasmic positive expression of MAP4 was detected in
46 tumors (49%). Positive immunostaining for stathmin was
found in 54 tumors (57%), predominantly as cytoplasmic
staining (Fig. 2A). p-Tubulin III immunostaining was positive
in 53 (56%) tumors with total scores of 7 or 8 (Fig. 2C).
Positive MAP4 and B-tubulin III expression was frequent in
tumors treated with taxane-containing regimens, compared
with tumors treated with taxane-free regimens (Supplementary
Table 81). Stathmin-positive tumors were also more frequent in
patients with the taxane-based regimen, although the difference
failed to reach statistical significance. There were no measurable
differences in immunoreactivities for these: proteins with
respect to either tumor stage or residual tumor (Table 1).

Effects of B-tubulin III expression on survival in human ovarian
clear cell adenocarcinomas. In Fig. 3A, the product-limit
estimators for OS of patients administered the taxane-free and
taxane-based regimens are shown for the MAP4-negative group
(left panel) and for the MAP4-positive group (right panel). The
survival outcome seemed to be less favorable for the taxane-
based regimen than for the taxane-free regimen in the MAP4-
negative group, although the difference was not statistically
significant (P = 0.23); there was no difference in survival
between the two regimens in the MAP4-positive group (P =
0.38). Paclitaxel treatment was also_associated with a poorer
survival in the stathmin-negative patients (P = 0.03); there was
a trend to a better survival in the group of stathmin-positive
patients (P = 0.12), as shown in Fig. 3B.

Survival associated:: with “paclitaxel - treatment was more
evidently differential based on B-tubulin III status. In the
absence of p-tubulin IIT-expression, survival was significantly
shorter in patients with the taxane-based regimen compared
with those with the taxane-free regimen (P = 0.04), and the
opposite was the case in the presence of B-tubulin III expression
(P = 0.09; Fig. 3C). Table 2 gives the estimates, confidence
intervals, and P values for the hazard ratios of the interaction.
The table shows that for p-tubulin 11, P values were 0.026 for
0OS and 0.030 for PFS. Thus; p-tubulin III seems to determine
the efficacy of the taxané-based regimen. Table 2 also shows
that for stathmin, P was 0.1357and the hazard ratio was 0.25

marker. (95% confidence interval, 0.04-1.53):for OS,; and 0.288 and
0.43; respectively {95% confidence interval, 0.09-2.06), fot PES.
.. Clin Cancer Res 2009;15(4) February 15, 2009 1478 wiww.aacrjournals.org
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Thus, stathmin may also determine the efficacy of the taxane-
based regimen, but the effect was not statistically significant.
Furthermore, Table 2 shows that for MAP4, the estimated hazard
ratios were far from 1 but were not statistically significant (0.383
for OS and 0.673 for PFS).

The statistical significance of the interaction of taxane with
p-tubulin III shown in Table 2 indicates that the efficacy of
taxane depends on B-tubulin III positivity or negativity. To
interpret this interaction precisely, we give the hazard ratio of
the taxane-based regimen relative to the taxane-free regimen
separately for B-tubulin HI-positive and -negative patients.
Table 3 gives the hazard ratios for patients who were positive
for p-tubulin III relative to patients who were negative; these
ratios are given separately for the taxane-based and taxane-free
regimens. The table shows that the hazard ratio for OS was 3.91
for the taxane-free regimen but was 0.72 for the taxane-based
regimen. This outcome indicates that being positive for p-
tubulin III is related to a poor prognosis in the taxane-free
regimen group, but that the taxane-based regimen may prolong
OS for patients who are B-tubulin Ifl - positive.

Discussion oy e %

Class III B-tubulin overexpression has been reported to be a
marker of poor clinical outcome. in patients with advanced
ovarian cancer mainly containing serous type adenocarcinoma.
With treatment using platinum/paclitaxel therapy (16), expres-
sion of class III B-tubulin also predicts response and outcome in
patients: with-non-small cell lung cancer and in those with
breast cancer who are treated with taxane-based chemotherapy
(31, 32). In this study, we investigated which targets could be
responsible for the therapeutic efficacy of taxane-based chemo-
therapy ‘against ovarian clear cell adenocarcinoma patients
when treated with. either cisplatin/cyclophosphamide or cis-
platin/taxane: Immunohistochemical staining was done for the
surgically resected specimens using antibodies against class ITI B~
tubulin, MAP4, and stathmin. Of these three targeting mole-
cules, expression of class III B-tubulin was significantly
associated with therapeutic efficacy of taxane-based chemother-
apy, but not with taxane-free chemotherapy. Moreover, our
present study showed that increased expression of class 1II p-
tubulin significantly affected outcome for patients with ovarian
clear cell adenocarcinoma in the taxane-treated patient group.

Our present finding is not consistent with those of previous
studies identifying a close association of class III p-tubulin
overexpression with poor therapeutic efficacy of taxane-based
chemotherapy against ovarian cancers, including most non -
clear cell adenocarcinomas {14-16). Of B-tubulin isoforms,
microtubules containing tubulin 11 or IV were more dynamic
and less stable than microtubules containing other tubulin
types (13, 33), suggesting that cellular expression of g-tubulin
isotype III or IV plays a critical role in drug sensitivity to
paclitaxel in vitro. Paclitaxel-selected drug-resistant cancer cell
lines derived from human lung, breast, pancreas, and prostate
cancers and glioblastoma often exhibit enhanced expression of
f-tubulin II (34). Kavallaris et al. have previously reported
increased mRNA expression of B-tubulins III and IV in taxane-
treated ovarian tumor samples as compared with primary
untreated ovarian tumors (35). However, Nicolletti et al. have
reported no correlation between tubulin expression and

www.aacrjournals.org
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paclitaxel sensitivity in mouse xenografts of human ovarian
carcinomas (36).

In our present study, knockdown of class Il and IV B-tubulin
genes but not of other tubulin isoforms specifically decreased
drug sensitivity to padlitaxel in one ovarian cancer cell line,
indicating the possible involvement of these tubulin isoforms
in the dynamics of microtubules. At present, it remains unclear
why decreased expression of type 11l B-tubulin differentially
modulates drug sensitivity to paclitaxel among various cancer
cell lines in vitro, and this finding requires further study. A
complex network system among microtubule-related factors,
including tubulin isoforms, operates in limiting drug sensitivity
to taxanes; however, the results of our present study together
with those of previous reports could present a novel notion that
expression levels of class Il p-tubulin might thus predict the
therapeutic efficacy of taxane-based therapy. This effect would
depend on differences in pathologic subtype between serous
adenocarcinoma and clear cell adenocarcinoma.

We also found that OS of patients with lower expression
of MAP4, stathmin, and g-tubulin indicated better therapeutic
efficacy with non -taxane-based chemotherapy compared with
taxane-based treatment. In patients with higher expression of
stathmin and MAP4, these relationships were reversed but not
statistically significant. Although these appeared during follow-
up periods of the taxane-based therapy group for as long as
3,000 days, low expression of these three targeting molecules
might predict poor prognosis for patients with ovarian clear cell
adenocarcinoma.

Altered . expression of  proteins. that regulate microtubule
dynamics also mediates paclitaxel resistance in cancer cells
in vitro through interaction with tubulin dimers or polymeriz-
ing microtubules. These proteins include stathmin, a microtu-
bule ‘destabilizer, and MAP4, a microtubule stabilizer (34).
Altered expression of stathmin (5, 6} and MAP-4.(37) induces
marked: changes in drug sensitivity of cancer cells to taxanes.
Further study is required to understand whether the above
mechanisms in vitro underlie the poor therapeutic efficacy of
taxane-based chemotherapy for patients with low expression of
stathmin and MAP4, as well as p-tubulin. On the other hand,
increased expression of stathmin also was associated (but not
significantly) with an improved therapeutic efficacy of taxane-
based chemotherapy in comparison with that of taxane-free
therapy. Further study with a larger number of patients as well
as longer follow-up periods may predict whether stathmin can
be a marker for therapeutic efficacy of taxane-based therapy
against ovarian clear cell adenocarcinoma.

In conclusion, our present study showed that overexpression
of type III B-tubulin was a predictive marker of better prognosis
for patients with ovarian clear cell adenocarcinoma when they
are treated with taxane-based chemotherapy. This finding is not
consistent with those involving patients with other serous type
carcinoma treated by taxane-based chemotherapy, suggesting
that association of B-tubulin expression with therapeutic
efficacy by taxane-based chemotherapy depends on the
pathologic characteristics of ovarian cancer.
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The first asymmetric total syhthesis of FD-838, a naturally occurring azaspirobicyclic praduct, has been
accomplished allowing determination of it absolute stereachemistry.

© 2009 Elsevier Ltd. All rights reserved.

Pseurotins,' synerazol,> and azaspirene® are natural products
possessing a unique azaspirocyclic framework, such as the 1-oxa-
7-azaspiro[4.4]non-2-ene-4,6-dione ring system (Fig. 1). The pseu-
rotins are a small family of secondary microbial metabolites
isolated from a culture broth of Pseudeurotium ovalis (strain
$2269/F) in 1976 by Bloch et al.'!* Pseurotin A was reported to in-
hibit chitin synthase by Sterner and co-workers in 1993,'¢ and was
also found to induce cell differentiation of PC12 cells by Komagata
et al. in 1995. The structure of pseurotin A, including its absolute
stereochemistry, has been unambigueusly determined by a single-
crystal X-ray analysis of its 12,13-dibromo derivative.'® Synerazol,
an antifungal antibiotic isolated by Ando and co~workers in 1991
from the culture broth of Aspergillus fimigatus SANK 10588, is ac~
tive against Candida albicans and other fungi, showing marked syn-~
ergistic activity with azole-type antifungal agents? Azaspirene,
isolated from the fungus Neosartorya sp. by Kakeya and co-workers
was found not only to inhibit the endothelial migration induced hy
vascular endothelial growth factor,? but also to exhibit antiangio-
genic effects by blocking Raf-1 activation.* These compounds pos=
sess the same highly oxygenated azaspiro core structure with
different side chains. Because of its unique structure and interest-
ing biological properties, there have been several attempts at its
total synthesis.* Our group has accomplished the first enantiose-~

* Corvesponding author.
E-muail address: hayashi@ci.kagu.tus.acjp (Y. Hayashi).

0860-894X/$ - see front matter © 2009 Elsevier Ltd, All rights reserved.
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lective total synthesis of pseurotin A% £2.% synerazol,” and azaspi-
rene? in which the aldol chemistry of a chiral benzylidene lactam
with an_ appropriate aldehyde, followed by successive oxidation
and- dehydration, creates the key azaspiro structure (Eq. 1). By
these syntheses, the absolute.configurations of synerazol® and
azaspirene have been determined. Tadano and co-workers also
reported the total syntheses of pseurotin A, F2, and azaspirene
from p-glucose.'®

FD-838, isolated from A fumigatus fresenius F-838 by Mizoue
and co-workers of Taisho pharmaceutical company in 1985, is
reported to induce the differentiation of leukemia in cultures
and to inhibit the growth of certain Gram-positive bacteria and
fungi.'!' Recently, Rovis and Orellana reported the synthesis of
the spirobicyclic core of FD-838 via the asymmetric Stetter reac-
tion.'® Its total synthesis has not been accomplished, and its
absolute configuration has been unknown, with its optical rota-
tion being reported to be zero ({#)2¥ 0 (c 0.1, MeOH)).!® As the
fungus no longer produces: FD-838, chemical synthesis is the
only way to obtain this moleculé, Despite the interesting biolog-
ical properties, biological investigations cannot be performed be-
cause of lack of supply of FD-838.

Despite the structural similarity of FD-838, pseurotin A,
synerazol, and azaspirene, the reported biological properties of
these natural products are rather different, as described above, Sys-
tematic comparison of the biological properties of these natural
products and their derivatives is highly desirable, and a sufficient
quantity of not only the natural products but also several



