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Fig. 38). On the other hand, the concentrations of free SN-38 after
administration of CPT-11 were almost negligible in metastatic lung
tissues at all time points (data not shown). These results strongly
suggest that SN-38 could be selectively released from NKO0I2 and
maintained in metastatic Renca tumor tissues.

Deviating from the ordinary experimental pulmonary metastasis
prevention model, we initiated treatment 7 days after inoculation
(day 0) when multiple lung nodules derived from Renca were
observed in all mice in our preliminary study (Fig. 44). On day 21,
there was no significant difference between the mean number of

metastatic nodules in the control group (287 * 56 nodules, n = 10)
and in the group receiving CPT-11 treatment (236 + 59 nodules,

= 10). Significant treatment effects were found, however, in the
group receiving NKO12 treatment (32 + 18 nodules, n = 10) on
day 21 compared with the control group on day 21 (P < 0.0001).
Notably, a dramatic decrease in was
observed in the NKO012 treatment group on day 21 compared with
the contral group on day 0 (126 + 23 nodules, n = 10, P < 0.001;
Fig. 44). Kaplan-Meier analysis showed that a significant survival
benefit was obtained in the NKO12 treatment group compared with
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assessed by a Kaplan-Meier analysis. Each group consisted ol five mice. Experiments were repeated twice with similar results.

the control group (P < 0.001), but no significant survival benefit
was obtained in CPT-11 treatment group (P = 0.239; Fig. 4B).
Although no severe toxic effects were observed in any mouse
treated with NK0I2, 3 of 10 mice treated with NKO012 were
sacrificed during the observation period according to the
‘Guidelines for Animal Experiments because their body weights
had become 10% lower than those of the other mice. However,
the sacrificed mice were a little bit smaller than others when they
started treatment, and they showed no disseminated lung
metastasis (data not shown).

Our results presented here strongly support recent findings
reported by us that the macromolecular drug distribution
throughout the tumor site was enhanced by the hypervascularity
and hyperpermeability, and subsequently higher antitumor activity
was achieved (6), We assume that conventional low molecular size
anticancer agents almost disappear from the bloodstream without
being subjected to the EPR effect before they can reach the target
organs (solid tumor). The clinical importance of angiogenesis in
human tumors has been shown in several reports indicating a
positive relationship between the blood vessel density in the tumor
mass and poor prognosis with chemoresistance in patients with
various cancers (7-9). Furthermore, recent reports showing that
anticancer agents were less active against VEGF-overexpressing
tumors (10, 11) may support the idea that low-molecular drugs are
not so effective in the treatment of solid tumors which are rich in
blood vessels,

Our study thus far has several limitations about clarifying
whether extensive angiogenesis in the tumor is an essential
determinant for the susceptibility to NKOIZ. In our ongoing study,

xenografts.” It also remains unclear whether NK012 possesses
strong antitumor activity in other metastatic sites besides the lung.
It is known that the EPR effect is affected by various permeability
factors, such as bradykinin (12), nitric oxide (13). and various
cytokines independent of VEGF and hypervascularity (14). Among
solid tumors with rapid progression potential, irregularity occurs
not only in blood flow and vascular density, but also in the vascular
network and anatomic architecture (15, 16), suggesting that
EPR effect may be predominantly promoted in rapid-progressive
tumor phenotypes and influenced by organ-specific tumor
microenvironment. Hoffman and coworkers (17, 18) have devel-
oped a technique of surgical orthotopic implantation (SOI) with
more clinical features of systemic and aggressive metastases than
our conventional animal lels. Further preclinical studies using
such models as SOI might clarify cancer phenotypes and metastatic
organs to which we can apply NK012 more precisely.

The results of chemotherapy in RCCs have been disappointing,
as indicated by the low response proportions. However, clinical
trials using gemcitabine-containing regimens have been encourag-
ing. with major responses occurring in 5% to 17% of patients
(19, 20), suggesting the possibility that chemotherapy is promising
as @ modality for RCC therapy If anticancer agents can be
selectively delivered, released, and maintained around tumor
tissues. Our current report highlights the advantages of polymeric
micelle-based drug carriers like NK012 as promising modalities
for treatment, rather than prevention, of disseminated RCCs with
abnormal vascular architecture. The results of our ongoing phase-1

we found that NKO012 also has a striking antitumor activity agai
some hypovascular tumor models of human pancreatic cancer

" Y. Saite, M. Yasumaga. |. Kuroda, Y. Koga. and Y. Matsumura. Unpublished data.
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clinical trial and future phase-ll trials of NK0I2 in patients with
advanced solid tumors including RCC might meet or even exceed

our expectations.
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Synergistic antitumor activity of the novel SN-38-incorporating polymeric micelles,
NK012, combined with 5-fluorouracil in a mouse model of colorectal cancer,
as compared with that of irinotecan plus 5-fluorouracil

‘Takako Eguchi Nakajima', Masahiro Yasunaga®, Yasuhiko Kano®, Fumiaki Koizumi*, Ken Kato', Tetsuya Hamaguchi',
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The authors reported in a previous study that NKOL2, a 7-ethyl-
10-hyerox piothecin (SN-38)-rel g nano-system, exhib-
ited high antitumor activity against human colorectal cancer xeno-
This study was conducted to investigate the advantages of
NKD12 over irinotecan hydrochloride (CPT-11) administered in
combination with 5-fluorouracil (SFU). The cytotoxic effects of
NKO12 or SN-38 (an active metabolite of CPT-11) administered in
combination with SFU was evaluated in vitro in the human color-
ectal cancer cell line HT-29 by the combination index method. The
effects of the same drug combinations was also evaluated in vive
using mice bearing HT-29 and HCT-116 cells. All the drugs were
administered i.v. 3 times a week; NK012 (10 mg/kg) or CPTII
(50 mg/kg) was given 24 hr before SFU (50 2). Cell eycle anal-
ysis in the HT-29 tumors administered NK0I2 or CPT-11 in vivo
was performed by flow cxtometry. NKO12 exerted more synergis-
tic activity with 5FU compared to SN-38. The therapeutic effect of
NKOI12/5FU was significantly superior to that of CPT-1L5FU
ugainst HT-29 tumors (p = 0.000‘1, whereas no significant differ-
ence in the antitumor effect against HCT-116 tumors was
observed between the 2-drug combinations (p = 0.2230). Cell.
cycle analysis showed that both NK0I12 and CPT-11 tend to cause
wcoumulation of cells in the S phase, although this effect was more
pr | and maintained for a more prolonged period with
NKO12 than with CPT-11. Oﬁjmsl therapeutic s{nﬂgﬁu wis
observed between NK012 and SFU, therefore, this regimen Is con-
sidered to hold promise of clinical benefit, especially for patients
with colorectal cuncer.
& 2008 Witey-Liss, Inc

Key words: NK012; SN-38; S-fluorouracil: drug delivery system;
colorecial cancer

The S-year survival rates of colorectal cancer (CRC) have
improved remarkably over the last 10 years, accounted for in large
part by the extensively investigated agenis after 5-fluorouracil
(5FU). Irinoetcan hydrochloride (CPT-11), a water-soluble, semi-
synthetic derivative of camptothecin, is one such agent that has
been shown to be highly effective, and currently represents a key-
drug in first- and second-line treatment regimens for CRC. CPT-
11 monotherapy, however, has not been shown 1o yield superior
efficacy, including in terms of the median survival time, to bolus
SFUfleucovorin (LV) alone.' In 2 Phase 111 triuls, the addition of
CPT-11 to bolus or infusional SFU/LV regimens clearly yielded
greater efficacy than administration of SFU/LV alone, with a dou-
bling of the tumor response rate and prol of the medi
survival time by 2-3 months."

CPT-11 is converted 1o T-ethyl-10-hydroxy-camptothecin (SN-
18), a biologically active and water-insoluble metabolite of CPT-
|1, by carboxylesterases in the liver and the tumor. SN-38 has
been demonstrated 1o exhibit up to a 1,000-fold more polent cyto-
toxic uctivity than CPT-11 against various cancer cells in vitro.
The metabolic conversion mte is, however, very low, with only
<10% of the original volume of CPT-11 being metabolized 1o
SN-38*%; conversion of CPT-11 1o SN-38 also depends on genetic
inlerindividual variability of the activity of carboxylesterases.

Puplication of the internebonal Umion Against Cancer
& uicc

pote! e it

Direct use of SN-38 itselfl for clinical cancer treatmen! musl be
shown to be identical in terms of both efficacy and 1oxicity.

Some drugs incorporated in drug delivery systems (DDS), such
1% Abraxane and Doxil, are already in climeal use,™ The clinical
benefits of DDS are based on their EPR effect.” The EPR effect is
based on the pathophysiological characteristics of solid umor tis-
sues: hypervascularity, incomplete vascular architecture, secretion
of vascular permeability factors stimulating extravasation within
cancer tissue, and absence of effective lymphatic dramage from
the tumors that impedes the efficient clearance of macromolecules
accumulated in solid tumor tissues. Several types of DDS can be
used for incorporation of a drug. A liposome-based formulation of
SN-38 (LE-SN38) has been developed, and a clinical trial to
assess its efficacy is now under way.'™"!

Recemtly, we demonstrated that NKO12, novel SN-38-incorpo-
rating polymeric micelles, exerted superior antitumor activity and
less toxicity than CPT-11,"7 NK012 is characterized by a smaller
size of the particles than LE-SN38: the mean particle dinmeter of
NKO012 is 20 nm. NKO12 can release SN-38 under peutral condi-
tions even in the absence of a hydrolytic enzyme, because the
bond between SN-38 and the block copolymer is a phenol ester
bond, which is stable under acidic conditions and labile under
mild alkaline conditions. The release rate of SN-38 from NK0I12
under physiological conditions is quite high; more than 70% of
SN-38 is released within 48 hr. We speculated that the use of
NKO012, in place of CPT-11, in combination with SFU may yield
superior results in the treamment of CRC. In the present study, we
evaluated the antitumor activity of NK(12 administered in combi-
nation with SFU as compared 10 that of CPT-11 administered in
combination with SFU against CRC in an experimental model.

Material and methods
Cells and animals

The human colorectal cancer cell lines used, namely, HT-29
and HCT-116, were purchased from the American Type Culture
Collection (Rockville, MD), The HT-29 cells and HCT-116 cells
were maintained in RPMI 1640 supplemented with 10% fetal bo-
vine serum (Cell Cullure Technologies, Gaggenau-Hoerden, Ger-
many). pemicillin, streptomycin, and amphotericin B (100 units/
mL., 100 pg/mL, and 25 pg/mL, respectively: Sigma. St. Louis,
MO} in a humidified atmosphere containing 5% CO; at 37°C.

BALB/c au/nu mice were purchased from SLC Japan (Shi-
zuoke, Japan). Six-week-old mice were subcutancously (s.c.)

*Correspond: fo: Investigative T Division, R h Cen-
ter for Int ive Oncology, National Cancer Center Hospital East, 6-5-1
Kashiwanoha, Kashiwa, Chiba 277-8577. Japan. Fax: +81-4-7134-6866.
E-mail: yhmatsuns@east ncc %(I i
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inoculated with 1 % 10° cells of HT-29 or HCT-116 cell line in
the flank region. The length (2) and width (b) of the tumor masses
were measured twice a week, and the wmor volume (TV) was cal-
culated as follows: TV = (a x )2, All animal procedures were
performed in compliance with the Guidelines for the Care and Use
of Experimental Animals established by the Ce ittee for Ani-
mal Experimentation of the National Cancer Center: these guide-
lines meet the ethical standards required by law and also comply
with the guidelines for the use of experimental animals in Japan.

Drugs

The SN-38-incorporating polymeric micelles, NK0O12, and SN-
38 were prepared by Nippon Kayaku (Tokyo, Japan),'® CPT-11
was purchased from Yakult Honsha (Tokyo, Japan), SFU was pur-
chased from Kyowa Hakko (Tokyo, Jupan),

Cell growth inhibition assay
HT-29 cells were seeded in 96-well plates at o density of 2,

cells/well in a final volume of 90 pl. Twenty-four hours after
seeding. a graded concentration of NK012 or SN-38 was added
concurrently with 5FU to the culture medium of the HT-29 cells
in  final volume of 100 uL for drug interaction studies. The cul-
ture was maintained in the CO; incubator for an additional 72 hr,
Then, cell growth inhibition was measured by the tetrazolium salt-
based proliferation assay (WST assay: Wako Chemicals, Osaka,
Japan). WST-1 labeling solution (10 pL) was added to each well
and the plates were imcubated at 37°C for 3 hr. The absorbance of
the formazan product formed was detected at 450 nm in a 96-well
spectrophotometric plate reader. Cell viability was measured and
compared to that of the control cells. Each experiment was carried
out n triplicate and was repeated at least 3 times. Data were aver-
aged and normalized against the nontreated controls 1o generare
dose-response curves.

Drug imeraction analysis

The nature of interaction between NKO12 or SN-38 and 5FU
against HT-29 cells was evaluated by median-effect plot analyses
and the combination index (CI) method of Chou and Talalay.”?
Data analysis was performed using the Calcusyn software (Bio-
soft, NY, USA). NKO12 or SN-38 was combined with SFU at a
fixed rutio that spanned the individual TCsy values of each drug.
The ICs, values were determined on the basis of the dose-response
curves using the WST assay. For any given drug combination. the
C1 is known to represent the degree of synergy, additivity or an-
tagonism. [t is expressed in terms of fraction-affected (Fa) values,
which represents the percentage of cells killed or inhibited by the
drug. Isobologram equations and Fa/CT plots were constructed by
computer analysis of the data generated from the median effect
analysis. Each experiment was performed in triplicate with 6 gra-
dations and was repeated at least 3 times. The resultant dose-
response curves were averaged, to creale a single composite dose-
response curve for each combination.

In vivo analysis of the effects of NKOI2 combined with SFU
as compared to those of CPT-11 combined with SFU

When the mean tumor volumes reached ~93 mm’. the mice
were randomly divided into test groups consisting of 5 mice per
group (Day 0). The drugs were administered i.v. via the tail vein
of the mice. In the groups administered NKO12 or SFU as single
agents, the drug was administered on Days 0, 7 and 14, In the
combined treatment groups, NKO12 or CPT-11 was administered
24 hr before SFU on Days 0, 7 and 14, according to the previously
reported combination schedule for CPT-11 and SFU.'* Complete
response (CR) was defined as tumor not deteciable by palpation at
90 days after the stan of treatment, at which time-point the mice
were saorificed. Tumor volume and body weight were measured
twice a week. As a general rule, animals in which the tumor vol-
ume exceeded 2,000 mm* were also sacrificed.

2149

Experiment 1. Evaluation of the effects of NKOI2 combined
with SFU and determination of the maximum tolerated dose
(MTD) of NKOI2/SFU. By comparing the datn beiween NK012
administered as a single agent and NK012/5FU, we evalumted the
effects of the combined regimen against the s.c HT-29 tumors, A
preliminary experiment showed that combined administration of
NKOI2 15 mg/kg + SFU 50 mg/kg every 6 days caused drug-
related lethality (dais not shown). To determine the MTD. there-
fore, we sel the dosing schedule of the combined regimen at 5 or
10 mg/kg of NKO12 + 50 mg/kg of 5FU three times a week.

Experiment 2. Comparison of the amtitumor effect of NKOI2/
SFU and CPT-11/5FU. Based on a comparison of the data
between NKO12/5FU and CPT-11/5FU against the s.c. HT-29 and
HCT-116 tumors, we investigated the feasibility of the clinical
application of NKOI12/5FU for the treatment of CRC. CPT-11/
SFU was admimistered three times a week at the respective MTDs
of the 2 drugs as previously reported. that is, CPTI] at 50 mg/kg
and 5FU at 50 mg/ke, respectively.'® NKOI12/5FU was adminis-
tered once three times a week at the respective MTDs of the
2 drugs determined from Experiment 1.

Cell eyele analvsis

Samples from the HT-29 wmors that had grown to 80100 mm®
were removed from the mice at 6, 24, 48, 72 and 96 hr after the
administration of NKOI2 alone at 10 mg/kg or CPT-11 alone at
50 mg/kg. The samples were excised, minced in PBS and fixed in
70% ethanol &t —20°C for 48 hr. They were then digested with
0.04% pepsin (Sigma chemical Co.. St Lous. MO) in 0.1 N HCL
for 60 min at 37°C in a shaking bath to prepare single-nuclei sus-
pensions. The nuclei were then centrifuged. washed twice with
PBS and stained with 40 pg/mL of propidium iodide (Molecular
Probes, OR) in the presence of 100 pg/mL RNase in | mL PBS
for 30 min at 37°C. The smined nuclel were analvzed with B-D
FACSCalibur (BD Biosciences, San Jose, CA), and the cell cycle
distribution was analyzed using the Modfit program (Verity Soft-
ware House Topsham, ME),

Sratistical analvses

Data were expressed as mean * SD. Data were analysed with
Student’s 1 test when the groups showed equal variances (F test),
or Welch's test when they showed unequal variances (F test). p <
0.05 was regarded as statistically significant. All sratistical tests
were 2-sided.

Results
Antiproliferative effects of NKOI2 or SN-38 administercd
i combination with SFU

Figure la shows the dose-response curves for NKOI2 alone,
SFU alone and a combination of the two. The ICsy levels of
NKO12 and SFU against the HT-29 cells were 39 nM and | M,
respectively, and the [Csp level of SN-38 was 14 nM (data not
shown), Based on these data, the molar ratio of NK0OI2 or SN-
38:5FU of 1:1.000 was used for the drug combination studies.

Figures 1b and 1¢ show the median-effect and the combination
index plots. Combination indices (Cls) of <1.0 are indicative of
synergistic imeractions between 2 agents; additive interactions are
indicated by Cls of 1.0, and antagonism by Cls of >1.0. Figure 1¢
shaws the combination index for NKOI2 and 5FU, when 2 drugs
are supposed to be mutually exclusive. Marked synergism was
observed between Fa 0.2 and 0.6. Theoretically, the CT method is
the most reliable around an Fa of 0.5, suggesting synergistic
effects of the combination of NK012 and SFU. This synergistic
effect was more evident than that of SN-38/5FU (Fig. 1d).

In vivo effect of combined NKOI2 and SFU

Experiment I. Dose optimization and effect of combined NK012
and SFU against HT-29 tumors. Comparison of the relative tu-
mor volumes on Day 40 revealed significant differences between
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those in the mice administered NKOI2 alone and those adminis-
tered NKOI2/5FU ar 5 mg/kg of NKOI2 (p = 0.018) (Fig. 2a),
Although there was no statistically significant difference in the rel-
wtive tumor volume measured on Day 54 between the mice admin-
istered NKOI12 alone and NKO12/5FU a1 10 mg/kg of NKOI2 (p =
0.3050). a trend of superior antitumor effect was demonstrated in
the group treated with NKO12/5FU wt 10 mg/kg of NKOI2 (Fig,
2a). The CR rates were 20, 40 and 60% for 5 mg/kg NK012 +
50 mg/kg SFU, 10 mg/kg NKO12 alone and 10 mg/kg NKOI2 +
50 mg/kg SFU. respectively. The schedule of 10 mg/kg NK012 +
50 mg/kg SFU resulted in no remarkable toxicity in terms of budy
weight changes, and these doses were determined as repr

S5FU and CPT-11/5FU in the case of the HCT-116 wmors ip =
0.2230), a trend of superior antitumor effect against these lumors
was observed in the NKO12/SFU treatment group (Fig. 3b). The
CR rates for the case of the HCT-116 tumors were (% in both
NKO012/SFU and CFT-11/5FU groups.

Specificity of cell evele perturbation

We studied the differences in the effects between NK012 10
mg/kg and CPT-11 50 mg/kg on the cell cycle (Fig. 4a). The data
indicated that both NKO12 and CPT-11 tended 1o cause accumula-
uon of cells in the S phase, although the effect of NKO12 was

the MTDs (Fig. 24h).

Experiment 2. Comparison of the effect of combined
NKOI2ISFU and CPT-11/I5FU against HT-29 and HCT- Hn
tumors. The therapeutic effect of NKOIT2/SFU on Day 60 was sig-
nificantly superior 1o that of CPT-11/5FU against the HT-29
wmors (p = 0.0004) (Fig. 3a). A more potent antitumor effect,
namely, 2 100% CR rate, was obtained in the NKO12/5FU group
as compared to the 0% CR rate in the CPT-11/5FU group.
Although no statistically significamt difference in the relative tu-
mor volume on Day 61 was demonstrated between the NKO12/

and maintained for 2 more prolonged period than that of
CPT-11; the maximal percentage of S-phase cells in the total cell
population in the tumors was 34% at 24 hr after the administration
of CPT-11, whereas it was 39% at 48 hr after the administration of
NKO12 (Figs. 45, and 4¢).

Discussion

Our_primary endpoint was to clarify the ndvantuges of NKOI12
over CPT-11 admi d in combination with 5FU, We demon-
strated that combined NK012 and 5FU chemotherapy exerts more
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Fieurk 2 — Effect of NK012 alone or NKO12 in combination with
SFU against HT-29 wmor-bearing mice, Points, mean; bars, SD. (a)
Antitumor effect of each regimen on Days 0, 7 and 14. (D) control,
() SFU 50 mg/kg alone, ($) NKOI2 5 mgfkg alone, (4 ) NKO12
5 mg/kg 24 hr before SFU 50 mg/kg. (4) NKOI2 10 mg/kg alone, (A)
NKO12 10 mg/kg 24 he before SFU 50 mg/kg. (b) Changes in the rela-
tive body weight. Data were derived from the same mice as those used
in the present study. .

synergistic activity in vitro and significantly greater antitumor ac-
tivity against human CRC xenografts as compared to CPT-11/
SFU. The combination of NK0OI2 and SFU is considered 1o hold
promise of clinical benefit for patients with CRC.

CPT-11, a topoi . and SFU, a thymidilate
synthase inhibitor, have been demonstrated to be effective agents
for the treatment of CRC. A combination of these 2 drugs has also
been demonsirated 1o be clearly more effective than either CPT-
11 or SFUAV administered alone in vivo and in clinical sct-
tings.'*'* Administration of SFU by infusion with CPT-11 was
shown to be associated with reduced roxicity and an apparent
improvement in survival as compared (o that of administration of
the drug by bolus injection with CPT-11."* This synergistic
enhancement may resull from the mechanism of action of the
2 drugs; CPT-11 has been reported to cause accumulation of cells
in the S phase, and 5FU infusion is known to cause DNA damage
specifically in cells of the S phase.™* On the basis of this back-
ground, our results suggesting the more pronounced and more pro-
longed accumulation of the tumor cells in the § phase caused by
NKOI2 as compared with that by CPT-11 may explain the more
effective synergy of the former administered with 5FU infusion.
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Fiaure 3 - Effect of NKO12/5FU as compared with that of CPTI11/
SFU against HT-29 (@) or HCT-116 (#) tumor-bearing mice. Antitu-
mar effect of each schedule on Days 0, 7 and 14, (O} control, (%)
CPT-11 50 mg/kg 24 hr before SFUS0 mg/kg, (A) NKOI2 10 mpkg
24 hr before SFU S0 mg/kg. Points, mean; bars, SD.

This may be attributable to accumulation of NKOI2 due to the
enhanced permeability and retention (EPR) effect.” It is also
speculated that NKOI12 allows sustained release of free SN-18,
which may move more freely in the wmor interstitium.'® Other-
wise NKO12 itself could internalize into cells 1o localize in several
cytoplasmic organelles as reported by Savic er al.'® These charac-
teristics of NKO12 may be responsible for its more potent antitu-
mor activity observed in this study, because CPT-11 has been
reported 10 show time-dependent  growth-inhibitory activity
against the wmor cells,"”

The major dose-limiting toxicities of CPT-11 are diarrhes and
neutropenia. SN-38, the active metabolite of CPT-11, may cause
CPT-11-related dimrhea as a result of mitotic -inhibitory activ-
ity."" Because it undergoes significant biliary excretion, SN-38
may have a poientially long residence time in the gastrointestinal
tract that may be associated with prolonged diarrhea.'®*" Tn our
previous report, we evaluated the tissue distribution of SN-38 after
administration of an equimolar amount of NKO12 (20 mg/kg) and
CPT-11 (30 mg/kg), and found no difference in the level of SN.38
accumulation in the small intestine.'* A significant antitumor
effect of NKOI2 with a lower incidence of diarrhea was also dem-
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Fiuure 4 - Cell eycle analysis of HT-29 tumor cells collected 24, 48, 72 and 96 hr afier administration of NKOL2 at 10 mg/kg alone or CPT-11
at 50 mg/kg alone using the Modfit program (Vernity Software House Topsham, ME). (a) Cell cycle analysis of HT-29 rumor cells 24 and 96 hr afrer
administration of NKO12 at 10 mg/kg or CPT-11 at 50 mg/kg, respectively. (h) Cell cycie distribution of wmor cells 0, 24, 48, 72 and 96 hr afier
ireatment with NKO12 at 10 mg/kg. () Cell cycle distribution of umor cells 0, 24, 48, 72 and 96 hr afier treatment with CPT-11 at 50 mp/ke.

mary twumor model.>' Combined administration of CPT-11 with  SFU/LV) and those treated with FOLFOX6 {oxaliplutin regimen
SFU/LV infusion appears to be associated with acceptable toxicity  with bolus and infusional SFU/LV)." " Our in vive data actually
in patients with CRC. Tn addition. no significant difference in the  revealed no severe body weight loss in the NKOIZ/SFU group.
frequency of Grade 3/4 diarrhes was noted between patients  Consequently, we expect that the NKD12/5FU regimen, especially

onstrated as compared to that observed with CPT-11in a rat mam-  treated with FOLFIRT (CPT-11 regimen with bolus and infusional
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with infusional SFU, may be an artractive arm for a Phase 111 trial
in CRC, with CPT-11/5FU as the control arm, We have already
initiated 4 Phase 1 trial of NKO12 in patients with advanced solid
tumors based on the data suggesting higher efficacy and lower tox-
icity of this preparation than CPT-11 in vive,'?

In conclusion, we de 1 that combined NK012 and SFU
chemotherapy exens significantly  greater  antitumor  activity
against human CRC xenografts as compared to CPT-11/5FU,
indicating the necessity of clinical evaluation of this combined
regimen.
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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,*®

Shinji Oie,Z Nao Suzuki,'® Suminori Kono,* Masazumi Tsuneyoshi,® Mayumi Ono,®

Takashi Yanagawa,® and Michihiko Kuwano®®

Abstract Purpose: Of the various microtubule-associated molecules, -tubulin il has been reported to be

closely associated with the therapeutic efficacy of taxane-based chemotherapy against ovarian
cancer, Stathmin and microtubule-associated protein 4 (MAP4) have been reported to play an
important role in microtubule stabilization. In this study, we investigated whether expression of
these microtubule-associated factors affects the therapeutic efficacy of taxane-based chemo-
therapy in ovarian clear cell adenocarcinoma.

Experimental Design: Drug sensitivity of paciitaxel or cisplatin was assessed in ovarian cancer
cell lines treated with small interfering RNA of tubulin isoforms, MAP4, and stathmin,
We examined 94 surgically resected ovarian clear cell adenocarcinoma specimens from patients
treated with taxane-containing regimens (n = 44) and with taxane-free regimens (n = 50), using
immunohistochemistry to detect expression of g-tubulin ll, stathmin, and MAP4.

Results: Knockdown of p-tubulin Ill and IV specifically conferred drug resistance to paclitaxel
in one ovarian cancer cell line, but not to other molecules. Estimated overall survival revealed a
significant synergistic effect between taxane and B-tubulin lll in patients with ovarian clear cell
adenocarcinoma. Of three microtubule-related molecules, among the taxane-based chemothera-
py group, cases with higher p-tubulin lll expression were associated with a significantly more
favorable prognosis compared with those having lower g-tubulin il expression. By contrast, there
was no statistical significance in the synergistic relationships between stathmin and taxane or
between MAP4 and taxane.

Conclusions: Taxane-based chemotherapy was effective for patients with ovarian clear cell
adenocarcinomas who were positive for B-tubulin il but not for thase who were negative for these

proteins.

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 p-tubulin, which in tumn contain
a- or B-subunits and at least six isotypes encoded by different
genes, Isotype composition influences the intrinsic dynamics of
microtubules, and the sensitivity of microtubules to depolyme-
rizing and polymerizing agents is related to the composition of

Authors' Affiliations: ‘nmmm ui oumma md Gynecology, School of

tubulin isotypes or microtubule-associated proteins (MAP;
ref. 2). MAPs, important components of the tubulin and
microtubule system, can bind to the microtubule wall and
stabilize microtubules (3). MAP2 and MAP-7 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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Translational Relevance

It has been reported that p-tubulin IIl, one of micro-
tubule-associated molecules, was expected to be a useful
biomarker for the clinical efficacy of taxane-based chemo-
therapy against human ovarian cancer, These studies
have been conducted in serous adenocarcinoma of ovarian
cancer. Previous reports show, however, that ovarian clear
cell adenocarcinoma constituted about 20% of ovarian
adenocarcinoma in Japan, although only 2% to 5% of cases
of ovarian cancer worldwide were clear cell adenocar-
cinoma. Clear cell adenocarcinoma, which is a rare variant
in western counties, has been recognized as a chemoresist-
ant phenotype compared with serous adenocarcinoma,
which is the most widespread ovarian cancer. This study
aimed to identify a predictive marker for the clinical efficacy
of taxane-based chemotherapy against ovarian clear cell
adenocarcinoma. In this study, we found that a taxane-
based regimen was effective for patients with ovarian clear
cell adenocarcinomas who were positive for stathmin
or B-tubulin 1.

and also plays a role in altered drug sensitivity in human cancer
cells, including ovarian cancer cells (5, 6).

The antitumor drug taxane stabilizes micotubules 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 11l
and IV ovarian cancer, which mainly consists of serous
adenocarcinoma (10). This study first compared 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 Institute 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 p-tubulin is expected to be a useful
biomarker for the dinical efficacy of paclitaxel-based chemo-
therapy. Class 11l B-tubulin is hypothesized to counteract
suppression of microtubule dynamics (13). Ferini et al.
reported that a novel taxane targeting class 111 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 11l -tubulin overexpression
represented a prominent mechanism of resistance to paclitaxel-
platinum treatment in ovarian cancer (15). Moreover, class 11
P-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 111 g-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
p-tubulin 111, 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 B-tubulin 11l expression with therapeutic outcomes of
ovarian cancer treated with taxane-based regimens, We discuss
whether the expression of p-tubulin 11 could be a predictive
marker for the dinical efficacy of taxane-based chemotherapy
against ovarian clear cell adenocarcinoma.

Materials and Methods

Cells and reagemts. The human ovarian cell lines OVCAR-3 and
SKOV-3, which expressed f-tubulins (I, IL [Il, 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 I1I; Hyclone), 100 IU/mL
penicillin, and 100 pg/mL streptomycin (Life Technologies, Inc) in a
humidified atmosphere of 5% CO; at 37°C. Paclitaxel (Taxol injection)
and cisplatin (Briplatin injection) purchased from Bristol-Myers Squibb
were clinically used. The polyclonal antistathmin was obtained from
Calbiochem. The monoclonal class 1 B-tubulin antibody (clone 5G8)
was obtained from Promega. The monoclonal MAP4 antibody (clone
18) was purchased from BD Transduction Laboratories.

Silencing of B-tubulins (I, 11, 111, IV), MAP4, and stathmin genes. To
reduce the expression of some genes, we used Stealth RNAi (Invitrogen
Life Technologies) to knock down the expression of p-tubulin 1
(NM_030773_stealth_706), p-tubulin Il (NM_001069_stealth_1444),
B-tubulin [11 (NM_006086_stealth_233), B-tubulin IV
(NM_006087_stealth_352), MAP4 (NM_002375_stealth_2042), and
stathmin (STMN1-HS5142799), Subconfluent human ovarian cells
were cultured ovemight in Opti-MEM [ medium (Invitrogen Life
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itivity in Ovarian Clear Cell Adenocarcinoma

Technologies) without antibiotics, then 40 nmol/L small interfering
RNA (siRNA) and Lipofectamine RNAiMax (Invitrogen) were applied
according 10 the manufacturer’s instructions. After 32 h, cells were
detached from the culwre plates and seeded imo 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 1Cy, 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-uanscribed 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 cyde conditions included maintaining the reactions at
50°C for 2 min and at 95°C for 10 min, and then aliemating 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
7 ldeha Cn) _ 5 G (CAPDIT)-Cx Iu""]]l which reflected the target gene
expression normalized 10 GAPDH levels

Patients. Ninety-four patients with primary ovarian clear 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
1o the most recent WHO classification (WHO 2003). Patients were
staged according 10 the International Federation of Obstetnes 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 chemaotherapy was evaluated approximately every 6 mo
by computed tomography afier & 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. 2. A and C. stage llc clear cell adenocaronoma
of s 55-year-old woman treated with the

i plat Cytoplasmic strong
expression of stathmin (4, ¥15%) and j-1wbulin §l
(C. score 7) can be diffusely observed in the tumor
cells. The patient currently shows no svidence of
disease 2487 d (83 mo) after surgery. § and O,
stage fic tumor nfa56 -year- -old woman treated
with the paci platin regk A fow wimor
calls td&ﬂl show only faint immunoreactivity for
stathmin in the cytoplasm or nuclei, which was
judged as negative (C). b-Tubulin Il can be
recognized in 10% of tumor cells with intermediate
I y and was i das iva (scare 4;
D) Thu patient died of disease 447 d (15 mo)
after mitial surgery.

thereafter. Clinical outcome was measured by PFS and OS. PIS was
defined as the interval from the date of first reaument (laparotomy or
the first ad ation of neoadj chemotherapy) to the date of
the diags of p ion. We obtained informed consent from all
paucms. and puwm! 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 deparafiinization, rehydration, and inhibition of endogenous
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 p-wbulin I, 1:200. After
incubation of the secondary antibody and the streptavidin-biotin
compl:x at rmm kmperature. the sccnuns were then incubated in 3
3. di i . € 1 with h --vm:, and d.
For all antibody staining, sections were pretreated with microwave
wradiation 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, Far stathmi ion, the cutoff value was 15%,
based on a previous swudy (25). For class 11l p-wbulin expression, we
evaluated the proportion and intensity of the immunoreactive cells
following the protocol used 1o 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 08§ and
PFS to examine the effects of MAP4, stathmin, and p-tubulin 1l 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 111 with peritoneal cytodiagnosis negative, FIGO stage I-11
with peritaneal cytodiagnosis positive, and FIGO stage [11-IV) and size
of residual tumor (0, <1 em; 1, 21 cm).

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

Table 1. Correlation between positive or negative expression of MAP4, stathmin, and g-tubulin 11T and tumor
stage or residual tumor
FI1GO stage Residual tumor
1/11 (n = 67) II1/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)
{s-tubulin I () 30 (45) 11 (41) 33 (45) 8 (40)
{=tubulin TIT (+) 37 (45) 16 (59) 41 (55) 12 (60)
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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 for the marker-p 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 impornant role in the effect of taxane. The cutoff
points that determined positive and negative for each marker were
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chosen by the Akaike's information criterion so that the Cox model fitted
best 1o the data (30)
Results

Effects of reducing expression of 3-tubulin isoforms, MAP4, and
stathmin on drug sensitivity to paclitaxel and cisplatin in ovarian
cancer cells. We first examined whether gene silencing of

Clin Cancer Res 2009:15(4) February 15, 2009
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Table 2. Summary of interaction terms for the Cox regression

Stathmin B-tubulin ITI

MAP4
0s
Regression coefficient (95% CI) -0.77 (-2.50 to 0.96)
e 0.383
PFS

-0.40 (-1.91 to 1.12)

Regression coefficient (95% CI)
P 0.608

-1.37 (-3.17 to 0.43)
0.135

-1.68 (-3.16 to 0.21)
0.026

-0.85 (-2.43 t0 0.72)
0.288

-1.52 (-2.90 to -0.15)
0.030

Abbreviation: 95% CI, 95% confidence interval.

B-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 111 or f-tubulin IV was silenced, the ICs, values of
paclitaxel increased to 16.8 nmol/L and 14.3 nmol/L, respec-
tively, from the control 1Cs, value of 3.9 nmol/L in SKOV-3 cells
(Fig. 1B). By contrast, down-regulation of @-tubulins I and II,
MAP4, and stathmin did not influence the sensitivity to pacli-
taxel in SKOV-3 cells. Down-regulation of B-tubulins 1, I, 111,
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 p-tubulins 11 and IV.
Immunohistochemistry of MAP4, stathmin, and B-tubulin IIT
in human ovarian clear cell adenocarcinomas. Clinical and
pathologic characteristics at diagnosis are summarized 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 I1, 20 stage 111, and 7 stage IV. Sixteen patients
who had residual tumors more than 1 cm in maximum diameter

Table 3. Hazard ratios (marker positive/marker
negative) for subpopulations of taxane-based
regimen and taxane-free regimen by the Cox
proportional hazards models; two-tailed 95%
confidence intervals are given in parenthesis

Marker hazard T based T free P
ratio (95% CI) therapy therapy

Overall survival

MAP4 0.42 (0.11-1.66) 0.91 (0.35-2.40) 0.383

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

p-tubulin 111 0.72 (0.22-2.44) 3.91 (1.49-10.23) 0.026
Progression-free survival

MAP4 0.53 (0.17 -1.69) 0.79 (0.31-2.02) 0.608

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

B-tubulin I11 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 covariates.

P values are based on Wald tests for interaction of taxane with the
marker.
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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). g-Tubulin IIl immunostaining was positive
in 53 (56%) tumors with total scores of 7 or 8 (Fig. 2C).
Positive MAP4 and B-tubulin 11 expression was frequent in
tumors treated with taxane-containing regimens, compared
with tumors treated with taxane-free regimens (Supplementary
Table §1). 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 I1I 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 weatment 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 11l status. In the
absence of B-tubulin 11l 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 -tubulin 111 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 B-tubulin 111, P values were 0.026 for
OS5 and 0.030 for PFS. Thus, f-tubulin 11l seems to determine
the efficacy of the taxane-based regimen. Table 2 also shows
that for stathmin, P was 0.135 and the hazard ratio was 0.25
(95% confidence interval, 0.04-1.53) for OS, and 0.288 and
0.43, respectively (95% confidence interval, 0.09-2.06), for PFS.
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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 | but were not statistically significant (0.383
for OS and 0.673 for PFS).

The statistical significance of the interaction of taxane with
g-tubulin 111 shown in Table 2 indicates that the efficacy of
taxane depends on B-tubulin 1ll 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 1T1-positive and -negative patients.
Table 3 gives the hazard ratios for patients who were positive
for p-tubulin 111 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 O8 was 3.91
for the taxane-free regimen but was 0.72 for the taxane-based
regimen. This outcome indicates that being positive for -
tubulin 11l 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 f-tubulin |1l -positive.

Discussion

Class [11 p-tubulin overexpression has been reported 1o 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 11l g-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 111 p-
tubulin, MAP4, and stathmin. Of these three targeting mole-
cules, expression of class Il p-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 111 p-
wbulin 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 Il B-tubulin
overexpression with poor therapeutic efficacy of taxane-based
chemotherapy against ovarian cancers, including most non-
clear cell adenocarcinomas (14-16). Of p-tubulin isoforms,
microtubules containing tubulin 111 or IV were more dynamic
and less stable than microtubules containing other tubulin
types (13, 33), suggesting that cellular expression of g-tubulin
isotype Il 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
g-tubulin 111 (34). Kavallaris et al. have previously reported
increased mRNA expression of -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
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paclitaxel sensitivity in mouse xenografts of human ovarian
carcinomas (36).

In our present study, knockdown of class III and IV p-wbulin
genes but not of other tubulin isoforms specifically decreased
drug sensitivity to paclitaxel in one ovarian cancer cell line,
indicating the possible involvement of these bulin isoforms
in the dynamics of microtubules. At present, it remains unclear
why decreased expression of type 11l p-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 micotubule-related factors,
including wbulin isoforms, operates in limiting drug sensitivity
to taxanes; however, the results of our present study together
with those of previous repors could present a novel notion that
expression levels of class 11l 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 £-wbulin 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
adenocarcdinoma.

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 B-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 11l f-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 ftreated by taxane-based chemotherapy, suggesting
that association of p-tubulin expression with therapeutic
efficacy by taxane-based chemotherapy depends on the
pathologic characteristics of ovarian cancer.
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Abstract

In our present study, we examined whether nuclear localiza-
tion of Y-box binding protein-1 (YB-1) is associated with the
expression of epidermal growth factor receptors (EGFR),
hormone receptors, and other molecules affecting breast
cancer prognosis. The expression of nuclear YB-1, clinico-
pathologic findings, and molecular markers [EGFR, HER2,
estrogen receptor (ER)a, ER3, progesterone receptor, chemo-
kine (C-X-C motif) receptor 4 (CXCR4), phosphorylated Akt,
and major vault protein/lung resistance protein] were
immunohistochemically analyzed. The association of the
expression of nuclear YB-1 and the molecular markers was
examined in breast cancer cell lines using microarrays,
guantitative real-time PCR, and Western blot analyses.
Knockdown of YB-1 with siRNA significantly reduced EGFR,
HER2, and ERox expression in ERo-positive, but not ERc-
negative, breast cancer cell lines. Nuclear YB-1 expression was
positively correlated with HER2 (P = 0.0153) and negatively
correlated with ERax (P = 0.0122) and CXCR4 (P = 0.0166) in
human breast cancer clinical specimens but was not corre-
lated with EGFR expression. Nuclear YB-1 expression was an
independent prognostic factor for overall (P = 0.0139) and
progression-free (P = 0.0280) survival. In conclusion, nuclear
YB-1 expression might be essential for the acquisition of
malignant characteristics via HER2-Akt-dependent pathways
in breast cancer patients. The nuclear localization of YB-1
could be an important therapeutic target against not only
multidrug resistance but also tumor growth dependent on
HER2 and ERo. [Cancer Res 2008;68(5):1504-12)

Introduction

Nuclear localization of Y-box binding protein-1 (YB-1) is required
for its transcriptional control of multidrug resistance-related genes
and for its action in repairing DNA damage induced by anticancer
agents and radiation in cancer cells; as a result of these actions. it is
responsible for the acquisition of global drug resistance to a wide

Note: Supplementary data for this article are available at Cancer Research Online
http://cancerres.sacrjournals.org/).
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range of anticancer agents (1, 2). | istochermical y
have shown that nuclear YB-1 localization is a target marker of
intrinsic importance for global drug resistance in cancer (2). Bargon
et al. (3) reported that nuclear localization of YB-1 was associated
with P-glycoprotein expression in human primary breast cancers,
and other immunohistochemical studies have shown an association
between YB-1 and P-glycoprotein in osteosarcoma, synovial
sarcoma, breast cancer, ovarian cancer, and prostate cancer
(4-12). Fujita et al. (13) reported that the increase in P-glycoprotein
expression when patients were treated with paclitaxel was
accompanied by nuclear YB-1 localization in breast cancers.

Nuclear expression of YB-1 is often associated with poor prognosis
in various human malignancies, including breast cancer (3, 6),
ovarian cancer (8, 11), synovial sarcoma (5), and lung cancer (14). In
a study using molecular profiling, Faury et al (15) recently showed
that overexpression of YB-1 is a novel prognostic target for pediatric
glioblastoma; however, the intracellular localization of YB-1 was not
determined. These clinical studies suggest the close involvement of
YB-1 in the acquisition of global drug resistance (2); however, it
remains unclear whether the association of YB-1 with poor
prognosis is due to this effect, as YB-1 nuclear localization is also
a prognostic marker irrespective of P-glycoprotein expression (8, 14,
16). This suggests that other factors affecting tumor growth,
invasion, and metastasis could also be involved in the asso
of YB-1 with poor prognosis in malignant cancers (8, 14).

YB-1 gene induced the development of breast cancers of many
histologic types in an experimental animal model (l'?} suggesting
that YB-1 is oncogenic (18). YB-1 overexp "
mammary epithelial cells induced epidermal gmwth factor
(EGF)-independent growth by activating the EGF receptor (EGFR)
pathway (18). Jurchott et al. (19) reported that nuclear localization
of YB-1 was induced during G,-S phase transition, accompanied by
increased expression of cyclin A and B. These studies suggest a
close link between YB-1 expression and the growth potential of
breast cancer cells, which might contribute to poor prognosis. Wu
and colleagues (20) established a close correlation between YB-1
expression and the expression of EGFR and HER2 in breast cancer
patients (n = 389) using tumor tissue arrays. Knock-out of YB-1 in
mice caused some embryonic lethality, severe growth retardation,
and exencephaly (21, 22). Moreaver, fibroblasts derived fram YB-1/~
knockout embryos had slower growth rates than those from wild-
type embryos, and failed to undergo morphologic transformation
i vitro (22, 23). Sutherland et al (24) have also shown that breast
cancer cells with defective nuclear localization of YB-1 multiply
slowly in monolayers and during anchorage-independent growth.
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Taken together, these findings suggest that YB-1 plays a key role in
the expression of not only drug resistance-related genes but also
cell growth-related genes.

In the present study, we determined whether nuclear YB-1
localization influenced the expression of growth factor and
hormone receptors, EGFR, HER2, estrogen receptor (ER)a, and
ERP, in human breast cancers. In addition, we used maolecular
profiling to examine whether nuclear YB-1 localization affected
the expressions of major vault protein/lung resistance protein
(MVP/LRP), phosphorylated Akt (p-Akt), progesterone receptor
(PgR), and chemokine (C_X_C motif) receptor 4 (CXCR4),

Materials and Methods

Cell lines, y xtraction, and i blotting. Human breast
cancer cell ll.net. T-47D, MCF-7, KPL-1, MDA-MB231, md SKBR-3 were
obwntdfmmtheAnmﬂmnTypeCuhumCoﬂrdjonmdmgmu

the slides were heated in a Cell Condlunnlng Solution buffer for 60 min II
100°C. The sections were stained using the BenchMark XT (IHC Aut

System) and ChemMate ENVISION hod (Dake Corp ). BenchMark
XT was used for staining anti-YB-1, anti-ERa, anti-EGFR, anti-HER2, and
anti-PgR. The ChemMate ENVISION method was used for immunochemical
staining of anti-ERP, anti-p-Akt. anti-CXCR4, and anti-MVP/LRP. The
samples were viewed using an Olympus BX51 fluorescence microscope
(Olympus). The extent of staining of YB-1, ERa, ERf, and PgR proteins was
classified based on the percentage of cells with strongly stained nuclei:
210% indicated that a gland was positive for YB-1, and <9% indicated that
it was negative. EGFR and HER2 expressions were classified into four
categories: score 0, no staining at all or membrane :ulnm; in <1IH of
tumor cells; score 1+, faint/barely perceptible partial taining in
=10% of tumor cells; score 2+, weak to moderate staining of the l!rlure
membrane in >10% of tumor cells; and score 3+, strong staining of Lhe entire
membrane in >10% of tumor cells. The extent of immunohistologic staining
for EGFR was defined as follows: scores of 2+ ar 3+ were regarded as
pndﬁmmdmdﬂnr]vmuprddumgxﬁmﬂummd

described elsewhere (25). Mﬁ-ﬂlwugmmduducﬂhul
(26). Anti-EGFR and anti-PTEN antibodics were obtained from Cel
Signaling Technology. Anti-HER2 was purchased from Upstate, Inc. Anti-
ERn wnubtn!nod&nm&anm&mnlomﬂmnloy. Inc. Anti-CXCR4 was
obtained from Abcam plc. Anti- gl Idehyde-3-ph
mtﬁAPDH)mpmrjmed&umMgmlmMHWﬂija

g for HER2 was defined as follows: scores of
&*mnp:dcdupodﬂmmdlmmnmarlvmiomregmiudu
g of p-Akt and CXCR4 was defined
budmmpmnpofcdlsmmmnsm:mmguhﬂom

kind gift from Professor S. Akiyama (Kagoshima University. Kag
Jupan). LY294002 was obtained from Sigma Co. Trastuzumab was purchased
from Chugai Phar ical Company. Cells were lysed in cold protein
extraction reagent (M-PER; Pierce) with protease inhibitors and phospha-
tase inhibitors. Nuclear and cytoplasmic fractions were prepared as
described previously (27). Lysates were subjected to SDS-PAGE and blotted
onto Immobilon membrane (Millipore Corp.). After transfer, the membrane
incuba&edudlhth:pdmnryundlaﬂiyundﬂsuﬂhdudmmnduy
pled to h idase and Supersignal West Pico
Chcmillunbumm Substrate (Pim] Bands on Weutcm blots were
1d trically using Scion Image software (version 4.0.2; Scion

ik, 4_

Corp.).
Microarray analysis. The small interfering RNA (siRNA) corresponding
to nucleotide sequences of YB-1 (5-GGU UCC CAC CUU ACU ACA 1-3)
was purchased from QIAGEN Inc. SiRNA duplexes were transfected using
l.ipafectaml.ne and Opm-H'EM mcd.tmn [lmril:mgcn] according to the
trer'’s D were pared for
mk:mamy hybridization. Forty-eight houru after nmm tn.ns[tctlnn. total
RNA was extracted from cell cultures using ISOGEN (Nippon Gene Co, Ltd.).
Two micrograms of total RNA were reverse transcribed using GeneChip 3'-
Amplification Reagents One-Cycle cDNA Synthesis kit (Affymetrix. Inc.) and
thmhbeiedudthﬁy&nrﬂg@.‘!‘hehbdedcﬁNAwapphedmdm
leotide ray (Human Genome U133 Plus 2.0 Array:
Aﬂymewlmmywnmndnnaﬁnwmpsm
and the image was analyzed using a GeneChip Operating Software verl.
Quantitative real-time PCR. RNA was reverse transcribed from random
hexamers using avian myelobl is virus transcriptase (Promega).
Real-time quantitative PCR was performed using the Real-time PCR system
7300 (Applied Biosystems). In brief, the PCR amplification reaction mixtures
(20 pL) contained ¢DNA, primer pairs, the dual-labeled fluorogenic probe,
and Taq Man Universal PCR Master Mix (Applied Biosystems). The thermal
cyele 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 15s
mdw“Cfollmm.ThIpﬂmnplumdmbemohhinedfmm
Applied Biosyst The gene jon for each !
determined using the formula 2 (= €U = (Gt (GAPDIN-Cr (meg)) w-hich
reflected the target gene expression normalized to GAPDH levels.
Immunohistochemistry. Anti-EGFR, anti-HER2, anti-ERx, and anti-PgR
were obtained from Ve Medical Sy Antl-CXCR4 was purchased
from Proscl, Inc. Anti-MVP/LRP was obtained from Chemicon. Tissue
sections were taken from 73 breast cancer patients who underwent radical
surgery in the Department of Surgery, Kurume University Hospital, Japan,
between 1993 and 1999. The 4-um tissue sections were deparaffinized, and

hate dehydroge- =10% indicated that a gland was positive, whereas =9% indicated that it
was negative, MVP/LRP "_wu“‘ d as foll 250% of cells with
a gly stained cytopl indi ﬁllll;imdwnpodu\fa.\vhmns
=49% indicated that it was negative. All were
evaluated by two experienced observers who were blind to the conditions of
the patients,
Statistical lysis. The jons YB-1 and clinicopatho-

logic findings (age, tumor size, mencpauu! status, histologic grade, and
lymphnodemﬂumh]andmolenﬂarmu‘smumtcnadbyl’hheu
exact test, the x* test, or the Wilcoxon rank-sum test, depending on the type
ofdﬂmd?vﬂuevf«lﬁﬁwm&dnﬂpﬁmntunlmomhmu
indicated. The relati k YB-1 ion and overall survival/
progmw&umﬂwlnwdlunt}mc!IﬂwpaLholochupmd
molecular markers, were examined by the Kaplan-Meier method and the
log-rank test. Hazard ratios (HR) were 1 by Cox regressi
As YB-1 and the expression of receptors of the EGFR family and hormone
receptors, as well as the clinicopathologic findings, were all correlated, we
summarized them by means of their principal components and Investigated
the relationship b these P and overall survival/progres-
shﬂﬁﬂmwmwnmuhﬂnnﬁpbemihepﬂndpal
mmpunenbmfawadmbemm«llomunum;‘pmmnﬁu
survival, and the clinicopathologic findings and were
investigated by studying their correlations. In ad:lnuun. to obtain a direct
rqm:oenul.lou ofthereiaumuh.lp rk we used a
hnique incorporating logistic regressions; a path was
dnwnbetmsmtwuwuhr:unlyifﬂmmaﬂmmmndulomﬂy
associated with a significance level of 0.1, given the other markers. The data
on overall survival and progression-free survival in this analysis were
updated on February 27, 2007,

Results

The knock-down of YB-1 alters the expression of EGFR,
HER2, ERcx, CXCR4, and MVP/LRP genes. We initially compared
the expressions of YB-1 siRNA-treated and control MCF-7 breast
cancer cells using a high-density oligonucleotide microarray. Of
the 54,675 RNA transcripts and variants in the microarray, we
identified differentially expressed genes containing 43 genes that
were up-regulated >2-fold and 203 genes that were down-
regulated 0.5-fold or less (Supplementary Table S1). It has been
reported that the activity of PI3K/Akt was required for
translocation of YB-1 into the nucleus (24, 27). We therefore
investigated the effect of LY294002, a selective inhibitor of PI3K,
in both T47D and MDA-MB231 cells, LY294002 inhibited the
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Figure 1. Effect of YB knock-down on expression of EGFR, HER2, ERa, CXCR4, and MVF/LRP in ERa-positive and ERa-negative breast cancer cells. A, YB-1
knock-down by treatment of YB-1 siANA for 48 h, Relative mANA expression was measured by qRT-PCA. Columns, mean of three independent experiments;
bars, SD. B, levels of EGFR, HER2, ERa, EAR, PgR, CXCR4, and MVP/LAP mANA expression In YB-1 siANA-treated cells. Changes of mANA expression were

expressed as the log of relative exp . ND, not d d. C, T-47D and MDA-MB231 calls ware incubated with YB-1 siRNA for 72 h, and lysates were prepared.
D, levels of YB-1, EGFR, HER2, ERa, CXCR4, and MVP/LRP exp ion ware d by densit try.

nuclear expression of YB-1 in both cell lines (Supplementary The differentially expressed genes included MVP/LRP and
Fig. S14), consistent with p reports (24, 27). We also CXCR4, consistent with our previous study on human ovarian
examined whether PTEN status was correlated with nuclear YB-1 cancer cells (27). We next tested, by quantitative real-time PCR

expression in breast cancer cells. Of the five human breast cancer (qRT-PCR), whether the expression of CXCR4 and MVP/LRP was
cell lines used, cellular levels of the PTEN were not significantly  affected by knock-down of YB-1 in various human breast cancer
correlated with nuclear expression levels of YB-1 protein  cell lines. We also ined the expressi of growth factor
(Supplementary Fig. S18 and C). receptors and hormone receptors, such as EGFR, HER2, ERa, and
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