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Table 4 Allele frequencies of common DPYD SNPs in different populations
Nucleotide change Allele or tagged Population Allele frequency Number of subjects Reference
(amino acid change) haplotypes
85T>C *9 Caucasian 0.194 157 Seck et al. 2005
(Cys29Arg) (Block 1 %9) French Caucasian 0.185 487 Morel et al. 2006
Japanese 0.037 107 Yamaguchi et al. 2001
Japanese 0.029 341 This study
Taiwanese 0.022 300 Hsiao et al. 2004
496A>G Block 1| 166V Caucasian 0.080 157 Seck et al. 2005
(Met166Val) Japanese 0.022 341 This study
IVS10-15T>C Block 1 *166Va, *9d Caucasian 0.127 157 Seck et al. 2005
Japanese 0.018 341 This study
1627A>G *5 Caucasian 0.140 157 Seck et al. 2005
(Ile543Val) (Block 2 5) Caucasian 0.275 60 Ridge et al. 1998a
Finnish 0.072 90 Wei et al. 1998
African-American 0.227 105 Wei et al. 1998
Japanese 0.352 50 Wei et al. 1998
Japanese 0.283 341 This study
Taiwanese 0.210 131 Wei et al. 1998
Taiwanese 0.283 300 Hsiao et al. 2004
1896T>C Block 3 *1b Caucasian 0.035 157 Seck et al. 2005
(Phe632Phe) Japanese 0.098 107 Yamaguchi et al. 2001
Japanese 0.139 341 This study
Han Chinese 0.133 45 HapMap
IVS15 + 75A>G Block 4 *1b Caucasian 0.166 157 Seck et al. 2005
Japanese 0.155 341 This study
1VS16-94G>T Block 5 *1b Caucasian 0.415 59 HapMap
Yorba ND 60 HapMap
Japanese 0.455 44 HapMap
Japanese 0.378 341 This study
Han Chinese 0.333 45 HapMap
2194G>A *6 Caucasian 0.022 157 Seck et al. 2005
(Val732lle) (Block 5 %6) .Caucasian 0.058 60 Ridge et al. 1998a
Finnish 0.067 90 Wei et al. 1998
African-American 0.019 105 Wei et al. 1998
Japanese 0.044 50 Wei et al. 1998
Japanese 0.015 341 This study )
Taiwanese 0.014 13t Wei et al. 1998
Taiwanese 0.012 300 Hsiao et al. 2004
1VS18-39G>A Block 6 *1b Caucasian 0.105 157 Seck et al. 2005
Caucasian 0.100 60 HapMap
Yorba 0.017 60 HapMap
Japanese 0.044 45 HapMap
Japanese 0.032 341 This study
Han Chinese 0.022 45 HapMap
IV822-69G>A Block 6 *if Caucasian 0.183 60 HapMap
Yorba 0.400 60 HapMap
Japanese ND 45 HapMap
Japanese 0.003 341 This study
Han Chinese ND 45 HapMap

ND not detected

substitution Cys29Arg on the protein surface was unlikely
to alter DPD activity. However, conflicting results were
reported regarding *9 (Vreken et al. 1997, van Kuilenburg
et al. 2000), *6 (van Kuilenburg et al. 2000), and
Metl66Val (van Kuilenburg et al. 2000; Gross et al. 2003).
To interpret these inconsistencies, haplotype analysis of
DPYD might be helpful. Especially for *9 and Met166Val

in Japanese, functional involvement of —-477T>G (block 1
*9¢ and #9¢), —243G>A (block 1 *9d), IVS10-15T>C
(block 1 *94 and #166Va) and many other HapMap SNPs
linked to *9 and Met166Val (Table 3) needs clarification.

The HapMap project provides genotype data of more
than 1,000 sites located mostly in the intronic regions of
DPYD for four different populations (Nigerian, Chinese,
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Fig. 5 Stereo view of the
variation sites in pig DPD
(accession code of the Protein
Data Bank: 1gth). Glu265 (a),
Arg592 (b) and their adjacent
residues are shown as ball-and -
stick models with oxygens in :
red, nitrogens in blue, carbons
in gray and sulfur in yellow. The
adenosine moiety of the
cofactor FAD is also shown in
pink (a)

a)

FAD

b)

Pro598

¢ 11e590
Phe607

Japanese and Caucasians). HapMap data on 44 unrelated
Japanese subjects showed that 476 variations are poly-
morphic, whereas 529 are monomorphic, and the average
density of polymorphic markers is 1 SNP per 1,772 bp. In
contrast, our study focused on exons and surrounding in-
trons to detect variations, and only nine variations
overlapped with the HapMap data. Therefore, we could not
utilize the HapMap data to further identify common sub-
types of *1 to be discriminated by many intronic HapMap
SNPs in each block. However, most of the frequent SNPs
are unlikely to be associated with substantially decreased
DPD activity because DPD activity in the healthy Japanese
population (N = 150) showed a unimodal Gaussian distri-
bution (Ogura et al. 2005).

On the other hand, in 60 unrelated Caucasian subjects in
the HapMap project, 617 are polymorphic, whereas 383 are
monomorphic. LD profiles of these polymorphisms were
compared between Caucasians and Japanese by using the
program Marker (http://www.gmap.net/marker). Strong LD
(ID'I > 0.75) clearly decays within introns 11, 12, 13, 14,
16, 18, and 20 in Japanese, whereas, similar decays are
observed within introns 13, 14, 18, and 20, but are not
obvious within introns 11, 12, and 16 in Caucasians (data
not shown). Moreover, strong LD decays within intron 3 in
Caucasians. Therefore, the LD blocks are considerably
different between Japanese and Caucasians. Along with the
marked differences in allele frequencies of several varia-
tions (Table 4), these results suggest that the haplotype
structures in DPYD are quite different between the two
populations.

In conclusion, we found 55 variations, including 38
novel ones, in DPYD from 341 Japanese subjects. Nine
novel nonsynonymous SNPs were found, some of which
were assumed to have impact on the structure and function
of DPD. As for known variations, we obtained their accu-
rate allele frequencies in a Japanese population of a large
size and showed that variations with clinical relevance do
not overlap between Caucasians and Japanese. In Japanese,
2303C>A (Thr768Lys) and 1003G>T (Val335Leu) might
play important roles in 5-FU-related toxicity. Along with

@ Springer

differences in haplotype structures between Japanese and
Caucasians, these findings suggest that ethnic-specific tag-
ging SNPs should be considered on genotyping DPYD.
Thus, the present information would be useful for phar-
macogenetic studies for evaluating the efficacy and toxicity
of 5-FU in Japanese and probably in East Asians.

Acknowledgments We thank Ms. Chie Sudo for her secretarial
assistance. This study was supported in part by the Program for the
Promotion of Fundamental Studies in Health Sciences (05-25) of the
National Institute of Biomedical Innovation and in part by the Health
and Labor Sciences Research Grants from the Ministry of Health,
Labor and Welfare.

References

Bakkeren JA, De Abren RA, Sengers RC, Gabreels FJ, Maas JM,
Renier WO (1984) Elevated urine, blood and cerebrospinal fluid
levels of uracil and thymine in a child with dihydrothymine
dehydrogenase deficiency. Clin Chim Acta 140:247-256

Barrett JC, Fry B, Maller J, Daly MJ (2005) Haploview: analysis and
visualization of LD and haplotype maps. Bioinformatics 21:263~
265 :

Cho HJ, Park YS, Kang WK, Kim JW, Lee SY (2007) Thymidylate
synthase (TYMS) and dihydropyrimidine dehydrogenase
(DPYD) polymorphisms in the Korean population for prediction
of 5-fluorouracil-associated toxicity. Ther Drug Monit 29:190-
196

Collie-Duguid ES, Etienne MC, Milano G, McLeod HL (2000)
Known variant DPYD alleles do not explain DPD deficiency in
cancer patients. Pharmacogenetics 10:217-223

Dobritzsch D, Schneider G, Schnackerz KD, Lindqvist Y (2001)
Crystal structure of dihydropyrimidine dehydrogenase, a major
determinant of the pharmacokinetics of the anti-cancer drug 5-
fluorouracil. Embo J 20:650-660

Dobritzsch D, Ricagno S, Schneider G, Schnackerz KD, Lindqvist Y
(2002) Crystal structure of the productive ternary complex of
dihydropyrimidine dehydrogenase with NADPH and 5-iodoura-
cil. Implications for mechanism of inhibition and electron
transfer. J Biol Chem 277:13155-13166

Etienne MC, Lagrange JL, Dassonville O, Fleming R, Thyss A, Renee
N, Schneider M, Demard F, Milano G (1994) Population study of
dihydropyrimidine dehydrogenase in cancer patients. J Clin
Oncol 12:2248-2253

Gross E, Ullrich T, Seck K, Mueller V, de Wit M, von Schilling C,
Meindl A, Schmitt M, Kiechle M (2003) Detailed analysis of five
mutations in dihydropyrimidine dehydrogenase detected in



J Hum Genet (2007) 52:804-819

819

cancer patients with 5-fluorouracil-related side effects. Hum
Mutat 22:498

Grem JL (1996) Fluoropyrimidines. In: Chabner BA, Longo DL (eds)
Cancer chemotherapy and biotherapy, 2nd edn. Lippincott-
Raven, Philadelphia, pp 149-197

Heggie GD, Sommadossi JP, Cross DS, Huster WJ, Diasio RB (1987)
Clinical pharmacokinetics of 5-fluorouracil and its metabolites in
plasma, urine, and bile. Cancer Res 47:2203-2206

Hormozian F, Schmitt JG, Sagulenko E, Schwab M, Savelyeva L
(2007) FRAIE common fragile site breaks map within a 370
kilobase pair region and disrupt the dihydropyrimidine dehy-
drogenase gene (DPYD). Cancer Lett 246:82-91

Hsiao HH, Yang MY, Chang JG, Liu YC, Liu TC, Chang CS, Chen
TP, Lin SF (2004) Dihydropyrimidine dehydrogenase pharma-
cogenetics in the Taiwanese population. Cancer Chemother
Pharmacol 53:445-451

Johnson MR, Wang K, Diasio RB (2002) Profound dihydropyrimi-
dine dehydrogenase deficiency resulting from a novel compound
heterozygote genotype. Clin Cancer Res 8:768-774

Kitamura Y, Moriguchi M, Kaneko H, Morisaki H, Morisaki T,
Toyama K, Kamatani N (2002) Determination of probability
distribution of diplotype configuration (diplotype distribution)
for each subject from genotypic data using the EM algorithm.
Ann Hum Genet 66: 183-193

Kouwaki M, Hamajima N, Sumi S, Nonaka M, Sasaki M, Dobashi K,
Kidouchi K, Togari H, Wada Y (1998) Identification of novel
mutations in the dihydropyrimidine dehydrogenase gene in a
Japanese patient with 5-fluorouracil toxicity. Clin Cancer Res
4:2999-3004

Lu Z, Zhang R, Diasio RB (1993) Dihydropyrimidine dehydrogenase
activity in human peripheral blood mononuclear cells and liver:
population characteristics, newly identified deficient patients,
and clinical implication in 5-fluorouracil chemotherapy. Cancer
Res 53:5433-5438

Lu Z, Zhang R, Carpenter JT, Diasio RB (1998) Decreased
dihydropyrimidine dehydrogenase activity in a population of
patients with breast cancer: implication for 5-fluorouracil-based
chemotherapy. Clin Cancer Res 4:325-329

Martz E (2002) Protein explorer: easy yet powerful macromolecular
visualization. Trends Biochem Sci 27:107-109

Mattison LK, Johnson MR, Diasio RB (2002) A comparative analysis
of translated dihydropyrimidine dehydrogenase cDNA; conser-
vation of functional domains and relevance to genetic
polymorphisms. Pharmacogenetics 12:133-144

McLeod HL, Collie-Duguid ES, Vreken P, Johnson MR, Wei X,
Sapone A, Diasio RB, Fernandez-Salguero P, van Kuilenberg
AB, van Gennip AH, Gonzalez FJ (1998) Nomenclature for
human DPYD alleles. Pharmacogenetics 8:455-459

Morel A, Boisdron-Celle M, Fey L, Soulie P, Craipeau MC, Traore S,
Gamelin E (2006) Clinical relevance of different dihydropyrim-
idine dehydrogenase gene single nucleotide polymorphisms on
S-fluorouracil tolerance. Mol Cancer Ther 5:2895-2904

Naguib FN, el Kouni MH, Cha S (1985) Enzymes of uracil catabolism
in normal and neoplastic human tissues. Cancer Res 45:5405—
5412

Nishiyama T, Ogura K, Okuda H, Suda K, Kato A, Watabe T (2000)
Mechanism-based inactivation of human dihydropyrimidine
dehydrogenase by (E)-5-(2-bromovinyl)uracil in the presence
of NADPH. Mol Pharmacol 57:899-905

Ogura K, Ohnuma T, Minamide Y, Mizuno A, Nishiyama T,
Nagashima S, Kanamaru M, Hiratsuka A, Watabe T, Uematsu T
(2005) Dihydropyrimidine dehydrogenase activity in 150 healthy
Japanese volunteers and identification of novel mutations. Clin
Cancer Res 11:5104-5111

Ridge SA, Sludden J, Brown O, Robertson L, Wei X, Sapone A,
Femandez-Salguero PM, Gonzalez FJ, Vreken P, van Kuilen-
burg AB, van Gennip AH, McLeod HL (1998a)
Dihydropyrimidine dehydrogenase pharmacogenetics in Cauca-
sian subjects. Br J Clin Pharmacol 46:151-156

Ridge SA, Sludden J, Wei X, Sapone A, Brown O, Hardy S, Canney
P, Fernandez-Salguero P, Gonzalez FJ, Cassidy J, McLeod HL
(1998b) Dihydropyrimidine dehydrogenase pharmacogenetics in
patients with colorectal cancer. Br J Cancer 77:497-500

Seck K, Riemer S, Kates R, Ullrich T, Lutz V, Harbeck N, Schmitt M,
Kiechle M, Diasio R, Gross E (2005) Analysis of the DPYD
gene implicated in S5-fluorouracil catabolism in a cohort of
Caucasian individuals. Clin Cancer Res 11:5886-5892

Shestopal SA, Johnson MR, Diasio RB (2000) Molecular cloning and
characterization of the human dihydropyrimidine dehydrogenase
promoter. Biochim Biophys Acta 1494:162-169

van Kuilenburg AB (2004) Dihydropyrimidine dehydrogenase and
the efficacy and toxicity of 5-fluorouracil. Eur J Cancer 40:939--
950

van Kuilenburg AB, Haasjes J, Richel DJ, Zoetekouw L, Van Lenthe
H, De Abreu RA, Maring JG, Vreken P, van Gennip AH (2000)
Clinical implications of dihydropyrimidine dehydrogenase
(DPD) deficiency in patients with severe S-fluorouracil-associ-
ated toxicity: identification of new mutations in the DPD gene.
Clin Cancer Res 6:4705-4712

van Kuilenburg AB, Dobritzsch D, Meinsma R, Haasjes J, Waterham
HR, Nowaczyk MIJ, Maropoulos GD, Hein G, Kalhoff H, Kirk
JM, Baaske H, Aukett A, Duley JA, Ward KP, Lindqvist Y, van
Gennip AH (2002) Novel disease-causing mutations in the
dihydropyrimidine dehydrogenase gene interpreted by analysis
of the three-dimensional protein structure. Biochem J 364:157—
163

Vreken P, Van Kuilenburg AB, Meinsma R, van Gennip AH (1997)
Dihydropyrimidine dehydrogenase (DPD) deficiency: identifica-
tion and expression of missense mutations C29R, R886H and
R235W. Hum Genet 101:333-338

Wei X, Elizondo G, Sapone A, McLeod HL, Raunio H, Fernandez-
Salguero P, Gonzalez FJ (1998) Characterization of the human
dihydropyrimidine dehydrogenase gene. Genomics 51:391-400

Yamaguchi K, Arai Y, Kanda Y, Akagi K (2001) Germline mutation
of dihydropyrimidine dehydrogenese gene among a Japanese
population in relation to toxicity to 5-Fluorouracil. Jpn J Cancer
Res 92:337-342

Zhang K, Qin Z, Chen T, Liu JS, Waterman MS, Sun F (2005)
HapBlock: haplotype block partitioning and tag SNP selection
software using a set of dynamic programming algorithms,
Bioinformatics 21:131-134

Zhu AX, Puchalski TA, Stanton VP Jr, Ryan DP, Clark JW, Nesbitt S,
Charlat O, Kelly P, Kreconus E, Chabner BA, Supko JG (2004)
Dihydropyrimidine dehydrogenase and thymidylate synthase

" polymorphisms and their association with S-fluorouracil/leu-
covorin chemotherapy in colorectal cancer. Clin Colorectal
Cancer 3:225-234

@ Springer



Int. J. Cancer: 122, 21482153 (2008)
© 2008 Wiley-Liss, Inc.

Synergistic antitumor activity of the novel SN-38-incorporating polymeric micelles,
NKO012, combined with 5-fluorouracil in a mouse model of colorectal cancer,
as compared with that of irinotecan plus 5-fluorouracil
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The authors reported in a previous study that NK012, a 7-ethyl-
10-hydroxy-camptothecin (SN-38)-releasing nano-system, exhib-
ited high antitumor activity against human colorectal cancer xeno-
grafts. This study was conducted to investigate the advantages of
NKO012 over irinotecan hydrochloride (CPT-11) administered in
combination with 5-fluorouracil (SFU). The cytotoxic effects of
NK012 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 vivo
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 CPT11
(50 mg/kg) was given 24 hr before SFU (50 mg/kg). Cell cycle anal-
ysis in the HT-29 tumors administered NK012 or CPT-11 in vivo
was performed by flow cytometry. NK012 exerted more synergis-
tic activity with SFU compared to SN-38. The therapeutic effect of
NKO012/5FU was significantly superior to that of CPT-11/5FU
against HT-29 tumors (p = 0.0004), 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 NK012 and CPT-11 tend to cause
accumulation of cells in the S phase, although this effect was more
pronounced and maintained for a more prolonged period with
NKO012 - than with CPT-11. Optimal therapeutic synergy was
observed between NK012 and 5FU, therefore, this regimen is con-
sidered to hold promise of clinical benefit, especially for patients
with colorectal cancer.

© 2008 Wiley-Liss, Inc.

Key words: NKO012; SN-38; S-fluorouracil; drug delivery system;
colorectal cancer

The 5-year survival rates of colorectal cancer (CRC) bhave
improved remarkably over the last 10 years, accounted for in large
part by the extensively investigated agents after S-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 to yield superior
efficacy, including in terms of the median survival time, to bolus
5FU/leucovorin (LV) alone.! In 2 Phase HI trials, 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 prolongation of the median
survival time by 2-3 months.!2

CPT-11 is converted to 7-ethyl-10-hydroxy-camptothecin (SN-
38), a biologically active and water-insoluble metabolite of CPT-
11, by carboxylesterases in the liver and the tumor. SN-38 has
been demonstrated to exhibit up to a 1,000-fold more potent cyto-
toxic activity than CPT-11 against various cancer cells in vitro.?
The metabolic conversion rate is, however, very low, with only
<10% of the ongma] volume of CPT-11 being metabolized to
SN-38*%, conversion of CPT-11 to SN-38 also depends on genetic
mtermdxvxdual variability of the activity of carboxylesterases.
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Direct use of SN-38 itself for clinical cancer treatment must be
shown to be identical in terms of both efficacy and toxicity.

Some drugs incorporated in drug dehvery systems (DDS), such
as Abraxane and Doxil, are already in clinical use 8 The clinical
benefits of DDS are based on their EPR effect.’ The EPR effect is
based on the pathophysiological characteristics of solid tumor tis-
sues: hypervascularity, incomplete vascular architecture, secretion
of vascular permeability factors stimulating extravasation within
cancer tissue, and absence of effective lymphatic drainage 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 develo&aed and a clinical trial to
assess its efficacy is now under way.

Recently, we demonstrated that NK012, novel SN-38-incorpo-
rating polymeric micelles, exerted supenor antitumor activity and
less toxicity than CPT-11.'2 NK012 is characterized by a smaller

.size of the particles than LE-SN38; the mean particle diameter of

NKO12 is 20 nm. NK012 can release SN-38 under neutral 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 NK012
under physiological conditions is quite high; more than 70% of
SN-38 is released within 48 hr. We speculated that the use of
NKO12, in place of CPT-11, in combination with SFU may yield
superior results in the treatment of CRC. In the present study, we
evaluated the antitumor activity of NK012 administered in combi-
nation with SFU as compared to 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 Culture Technologies, Gaggenau-Hoerden, Ger-
many), penicillin, 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 nu/nu mice were purchased from SLC Japan (Shi-
zuoka, Japan). Six-week-old mice were subcutaneously (s.c.)
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inoculated with 1 X 10° cells of HT-29 or HCT-116 cell line in
the flank region. The length (@) and width () of the tumor masses
were measured twice a week, and the tumor volume (TV) was cal-
culated as follows: TV = (a X b?/2. All animal procedures were
performed in compliance with the Guidelines for the Care and Use
of Experimental Animals established by the Committee 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, NK012 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, Japan).

Cell growth inhibition assay

HT-29 cells were seeded in 96-well plates at a density of 2,000
cells/well in a final volume of 90 pL. Twenty-four hours after
seeding, a graded concentration of NKO12 or SN-38 was added
concurrently with S5FU to the culture medium of the HT-29 cells
in a final volume of 100 pL 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 incubated 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 in triplicate and was repeated at least 3 times. Data were aver-
aged and normalized against the nontreated controls to generate
dose-response curves.

Drug interaction 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 Ta]alay
Data analysis was performed using the Calcusyn software (Bio-
soft, NY, USA). NKO12 or SN-38 was combined with SFU at a
fixed ratio that spanned the individual ICs, values of each drug.
The ICsq values were determined on the basis of the dose-response
curves using the WST assay. For any given drug combination, the
CI is known to represent the degree of synergy, additivity or an-
tagonism. It 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/Cl 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 create 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. viz the tail vein
of the mice. In the groups administered NK012 or 5FU as single
agents, the drug was administered on Days O, 7 and 14. In the
combined treatment groups, NK012 or CPT-11 was administered
24 hr before SFU on Days 0, 7 and 14, according to the prevnously
reported combination schedule for CPT-11 and 5FU.'* Complete
response (CR) was defined as tumor not detectable by palpation at
90 days after the start of treatment, at which time-point the mice
were sacrificed. 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 NK0I2 combined
with 5FU and determination of the maximum tolerated dose
(MTD) of NKOI2/5FU. By comparing the data between NK012
administered as a single agent and NKO12/5FU, we evaluated the
effects of the combined regimen against the s.c HT-29 tumors. A
preliminary experiment showed that combined administration of
NKO12 15 mg/kg + SFU 50 mg/kg every 6 days caused drug-
related lethality (data not shown). To determine the MTD, there-
fore, we set the dosing schedule of the combined regimen at 5 or
10 mg/kg of NK012 + 50 mg/kg of SFU three times a week.

Experiment 2. Comparison of the antitumor effect of NK012/
SFU and CPT-11/5FU. Based on a comparison of the data
between NK012/SFU and CPT-11/5FU against the s.c. HT-29 and
HCT-116 tumors, we investigated the feasibility of the clinical
application of NK012/5FU for the treatment of CRC. CPT-11/
SFU was administered three times a week at the respective MTDs
of the 2 drugs as previously reported that is, CPT11 at 50 mg/kg
and SFU at 50 mg/kg, respectively.!* NKO12/5FU was adminis-
tered once three times a week at the respective MTDs of the
2 drugs determined from Experiment 1.

Cell cycle analysis

Samples from the HT-29 tumors that had grown to 80—100 mm’®
were removed from the mice at 6, 24, 48, 72 and 96 hr after the
administration of NKO12 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 at —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 1 mL PBS
for 30 min at 37°C. The stained nuclei were analyzed 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).

Statistical analyses

Data were expressed as mean *= SD. Data were analysed with
Student’s ¢ 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 statistical tests
were 2-sided.

Results

Antiproliferative effects of NKOI12 or SN-38 administered
in combination with SFU

Figure la shows the dose-response curves for NKO12 alone,
SFU alone and a combination of the two. The ICso levels of
NKO012 and SFU against the HT-29 cells were 39 nM and 1 pM,
respectively, and the ICsq level of SN-38 was 14 nM (data not
shown). Based on these data, the molar ratio of NKO12 or SN-
38:5FU of 1:1,000 was used for the drug combination studies.

Figures 1b and 1c¢ show the median-effect and the combination
index plots. Combination indices (CIs) of <1.0 are indicative of
synergistic interactions between 2 agents; additive interactions are
indicated by CIs of 1.0, and antagonism by Cls of >1.0. Figure 1¢
shows the combination index for NK0O12 and 5FU, when 2 drugs
are supposed to be mutually exclusive. Marked synergism was
observed between Fa 0.2 and 0.6. Theoretically, the CI method is
the most reliable around an Fa of 0.5, suggesting synergistic
effects of the combination of NKO12 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 1. Dose optimization and effect of combined NK0OI2
and SFU against HT-29 tumors. Comparison of the relative tu-
mor volumes on Day 40 revealed significant differences between
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FiGure 1 — Interaction of NKO12 and 5FU in vitro. (a) Dose-response curves for NK012 alone (), SFU alone (A} and their combination ([1)
against HT-29 cells. HT-29 cells were seeded at 2,000 cells/well. Twenty-four hours after seeding, a graded concentration of NK012 or SFU
was added to the culture medium of the HT-29 cells. Cell growth inhibition was measured by WST assay after 72 hr of treatment. Cell viability
was measured and compared with that of the control cells. Each experiment was carried out independently and repeated at least 3 times. Points,
mean of tripricates; bars, SD. (b) Median effect plot for the interaction of NK012 and 5FU. (¢, d) Combination index for the interaction as a
function of the level of effect (fraction effect = 0.5 is the ICso). The straight line across the CI value of 1.0 indicates additive effect and Cls
above and below indicate antagonism and synergism, respectively. The molar ratio of NK012/5FU (c) or SN-38/5FU (d) at 1:1,000 was tested
by CI analysis. Black circles represent the Cls of the actual data points, solid lines represent the computer-derived CIs at effect levels ranging
from 10 to 100% inhibition of cell growth, and the dotted lines represent the 95% confidence intervals.

those in the mice administered NK012 alone and those adminis-
tered NKO12/5FU at 5 mg/kg of NK012 (p = 0.018) (Fig. 2a).
Although there was no statistically significant difference in the rel-
ative tumor volume measured on Day 54 between the mice admin-
istered NK012 alone and NK012/5FU at 10 mg/kg of NKO12 (p =
0.3050), a trend of superior antitumor effect was demonstrated in
the group treated with NKO12/5FU at 10 mg/kg of NKO12 (Fig.
2a). The CR rates were 20, 40 and 60% for 5 mg/kg NKO12 +
50 mg/kg SFU, 10 mg/kg NKO12 alone and 10 mg/kg NKO12 +
50 mg/kg SFU, respectively. The schedule of 10 mg/kg NKO12 +
50 mg/kg 5FU resulted in no remarkable toxicity in terms of body
weight changes, and these doses were determined as representing
the MTDs (Fig. 2b).

Experiment 2. Comparison of the antitumor effect of combined
NKOI2/5FU and CPT-11/5FU against HT-29 and HCT-116
tumors. The therapeutic effect of NK012/SFU on Day 60 was sig-
nificantly superior to that of CPT-11/5FU against the HT-29
tumors (p = 0.0004) (Fig. 3a). A more potent antitumor effect,
namely, a 100% CR rate, was obtained in the NK012/5FU group
as compared to the 0% CR rate in the CPT-11/5FU group.
Although no statistically significant difference in the relative tu-
mor volume on Day 61 was demonstrated between the NK012/

5FU and CPT-11/5FU in the case of the HCT-116 tumors (p =
0.2230), a trend of superior antitumor effect against these tumors
was observed in the NK012/5FU treatment group (Fig. 3b). The
CR rates for the case of the HCT-116 tumors were 0% in both
NKO012/5FU and CPT-11/5FU groups.

Specificity of cell cycle perturbation

We studied the differences in the effects between NKO012 10
mg/kg and CPT-11 50 mg/kg on the cell cycle (Fig. 4a). The data
indicated that both NK012 and CPT-11 tended to cause accumula-
tion of cells in the S phase, although the effect of NK012 was
stronger and maintained for a 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
NKO012 (Figs. 4b, and 4c).

Discussion

Our primary endpoint was to clarify the advantages of NK012
over CPT-11 administered in combination with SFU. We demon-
strated that combined NK012 and 5FU chemotherapy exerts more
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FiGURE 2 — Effect of NK012 alone or NK012 in combination with
5FU against HT-29 tumor-bearing mice. Points, mean; bars, SD. (a)
Antitumor effect of each regimen on Days 0, 7 and 14. (O) control,
(00) 5FU 50 mg/kg alone, (¢) NKO12 5 mg/kg alone, (4) NKO12
5 mg/kg 24 hr before SFU 50 mg/kg, (&) NKO12 10 mg/kg alone, (A)
NKO12 10 mg/kg 24 hr before 5FU 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 NK012 and 5FU is considered to hold
promise of clinical benefit for patients with CRC.

CPT-11, a topoisomerase-1 inhibitor, and 5FU, 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 demonstrated to be clearly more effective than either CPT-
11 or 5FU/LV administered alone in vivo and in clinical set-
tings.">!* Administration of SFU by infusion with CPT-11 was
shown to be associated with reduced toxicity and an apparent
improvement in survival as compared to that of administration of
the drug by bolus injection with CPT-11.'? This synergistic
enhancement may result 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 S phase caused by
NKO012 as compared with that by CPT-11 may explain the more
effective synergy of the former administered with 5FU infusion.

2151

aasm

Relative tunor volume
il
I
2
]

0 20 . 30 40 &0
1Daysaﬂerixﬁﬁalhvahnum

b S0.00

5000

000

60.00

40.00

$0.00 1/ / ;

I/y' I//./x]/1
A 41%

0. : % ) i ) |
{x 1m 20 30 40 &0 60

1 Dags after initial treatment

Relative tumor volumo

000
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CPT-11 50 mg/kg 24 hr before 5FU 50 mg/kg, (A) NKO12 10 mg/kg
24 hr before 5FU 50 mg/kg. Points, mean; bars, SD.

This may be attributable to accurnulation of NKO12 due to the
enhanced permeability and retention (EPR) effect.” Tt is also
speculated that NKO12 allows sustained release of free SN-38,
which may move more freely in the tumor interstitium.'> Other-
wise NKO12 itself could internalize into cells to localize in several
cytoplasmic organelles as reported by Savic et al.'® These charac-
teristics of NK012 may be responsible for its more potent antitu-
mor activity observed in this study, because CPT-11 has been
reported to show time-dependent growth-inhibitory activity
against the tumor cells."” o

The major dose-limiting toxicities of CPT-11 are diarrhea and
neutropenia. SN-38, the active metabolite of CPT-11, may canse
CPT-11-related diarrhea as a result of mitotic -inhibitory activ-
ity.'® Because it undergoes significant biliary excretion, SN-38
may have a potentially long residence time in the gastrointestinal
tract that may be associated with prolonged diarrhea.'>® In our
previous report, we evaluated the tissue distribution of SN-38 after
administration of an equimolar amount of NK012 (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 NK012 with a lower incidence of diarrhea was also dem-
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onstrated as compared to that observed with CPT-11 in a rat mam-
mary tumor model.2' Combined administration of CPT-11 with
SFU/LV infusion appears to be associated with acceptable toxicity
in patients with CRC. In addition, no significant difference in the
frequency of Grade 3/4 diarrhea was noted between patients

treated with FOLFIRI (CPT-11 regimen with bolus and infusional
SFU/LV) and those treated with FOLFOX6 (oxaliplatin regimen
with bolus and infusional SFU/LV).2>?* Our in vivo data actually
revealed no severe body weight loss in the NKO012/SFU group.
Consequently, we expect that the NK012/5FU regimen, especially
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with infusional 5FU, may be an attractive arm for a Phase III trial
in CRC, with CPT-11/5FU as the control arm. We have already
initiated a Phase I 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 vivo.'?
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Abstract. The early detection of colorectal cancer originating
from any part of the colorectum is desirable because this
cancer can be g:lired surgically if diagnosed early. We searched
for marker genes for a fecal RNA-based colorectal cancer
screening method by comparison of genome-wide expression
profiles among cancerous and non-cancerous tissues, and
healthy volunteer- and cancer patient-derived colonocytes
from the feces, and the peripheral blood. Of 14,564 genes,
only 3 (PAP, REG1A, and DPEP1) were selectable as final
candidates which were expressed frequently at any stage of
this cancer and were suppressed in non-cancerous tissues
and also in the peripheral blood and colonocytes of healthy
volunteers. Next, we directly compared fecal RNA-expression
profiles between colorectal cancer patiénts and healthy
volunteers, and found that most of the genes (92%) expressed
in the colonocytes of the cancer patients were not expressed
in those of the healthy volunteers. Six genes (SEPP1, RPL27A,
ATP1B1, EEF1A1, SFN, and RPS11) selected randomly from
85 cancer patient-derived colonocyte-specific genes were

evaluated. In total, reverse transcription-polymerase chain

reaction or focused microarray of all those 9 genes detected
18 (78%) of 23 curable colorectal cancers (Dukes stages A-C),
9 or 10 (64% or 71%) of 14 early cancers with no lymph
node metastasis (Dukes stage A or B) and 4 (80%) of 5 right-
sided cancers. Our extensive gene list provides other markers
for fecal RNA-based colorectal cancer screening.

Correspondence to: Dr Hiroki Sasaki, Genetics Division, National
Cancer Center Research Institute, Tsukiji 5-1-1, Chuo-ku, Tokyo
104-0045, Japan

E-mail: hksasaki@gan? res.ncc.go.jp

Key words: expression profiling, colonocyte, colorectal cancer
screening, microarray

Introduction

Colorectal cancer is a common malignancy which is curable

by surgical resection if diagnosed at a sufficiently early stage

(stage I/Dukes stage A or stage II/Dukes stage B). Five-year

survival rates on surgical resection, for example, at Dukes

stage A, Dukes stage B and stage IIl/Dukes stage C are 95%,

80% and 50-60%, respectively. For stage IV/Dukes stage D,

curative resection is impossible. Therefore, early detection of
this cancer originating from any part of the colorectum is

desired. For mass cancer screenings, a simple, economic, and

noninvasive method of cancer detection is required. The

Hemoccult test is currently used in many countries for this

purpose (1-5). However, this test is nonspecific and is not

sufficiently sensitive to detect early-stage cancer, although a
higher sensitivity has been reported for the advanced stage

(6).

For fecal DNA-based colorectal cancer screening, in 1992,
Sidransky first reported Ras oncogene mutations in the fecal
DNA of patients with curable colorectal cancer (7). To date,
many screening methods based on mutated DNA detection in
the feces have been reported (8-19). These methods, however,
are time-consuming and are not sufficiently sensitive. The
major reason for this inaccuracy is the fact that fecal DNAs
are derived from an enormous number and variety of bacteria
and normal living cells including normal colorectal mucus
cells, lymphocytes, red blood cells and anal squamous cells.
Immunocytochemical analysis provides a simple method;
however, this method is insensitive because only the surface
portion of the feces can be assayed. On the other hand, Tarin
and colleagues first reported that cancer-specific CD44
splicing variants are useful for fecal RNA-based colorectal
cancer screening (20,21). By the use of the repetition of the
Percoll centrifugation method for isolating the colonocytes
from feces, we have also demonstrated that unusual CD44
variants could be targets for cancer-detection using feces (22).
However, the method is found to distort the morphology of
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- colonocytes and to have a low retrieval rate. Accordingly, the
sensitivity of this mRNA-based method also appears to be
insensitive. )

In any method for colorectal cancer detection using feces,
an effective method which allows the simple isolation of the
colonocytes from not only the surface but also the central
portion of the feces while maintaining the initial morphology
is needed. Recently, we successfully developed a new, very
effective method that is based on the filtration of the homo-
genates of feces and magnetic cell sorting (MACS) with an
epithelial cell-specific antibody, which we here abbreviated
to FMCI (filtration and MACS-based colonocyte isolation)
(23). It has been shown that this method can provide a high
quality of colonocyte DNA or RNA for molecular biological
analysis and also provide the colonocyte with its original
morphology for cytology. Considering the advantage in the use
of FMCI, we here report expression profiling of colonocytes
for fecal RNA-based detection of curable colorectal cancer
and a sensitive focused microarray assay that uses multiple
marker genes for detecting minimal cancer cells in the feces
of patients with colorectal cancer.

Materials and methods *

Clinical materials. This study protocol was reviewed and
approved by the Institutional Review Board of the National
Cancer Center, Tokyo. Written informed consent was obtained
from all the patients and healthy volunteers. Before surgical
resection, stool samples were obtained from 23 patients with
colorectal cancer (Dukes stages A-C), for which curable
resection is possible, and from 15 healthy volunteers a few
weeks after they had undergone-a total colonoscopy. Naturally
evacuated feces from subjects who had not taken laxatives
were used as stool samples. Each patient was instructed to
evacuate into a polystyrene disposable tray (AS one, Osaka,
Japan) measuring 5x10 cm in size. Preparation of the stool
samples for examination was conducted within 1-6 h after the
evacuation. Tissue samples were obtained from the surgically
resected specimens of colorectal cancer patients, and were

snap frozen in liquid nitrogen and stored at -80°C until use.

RNA of the tissues was extracted by using an Isogen kit
(Nippon Gene, Toyama, Japan). The peripheral blood samples
of 58 healthy volunteers and their RNA were prepared as in
our previous report (24).

Isolation of exfoliated cells from feces. The procedure is
detailed in our previous report (23). In brief, approximately
5-10 g of feces was used to isolate exfoliated cells. Feces
were collected in Stomacher Lab Blender bags (Seward,
Thetford, UK). The stool samples were homogenized with a
buffer (200 ml) consisting of Hank's solution, 25 mM Hepes
(pH 7.35), and 10% fetal bovine serum at 200 rpm for 1 min
using a Stomacher (Seward). The homogenates were then
filtered through a nylon filter (pore size, 512 ym), followed
by division into 5 portions (40 ml each). Subsequently, 40 ul
of magnetic beads coated with a mouse IgG1 monoclonal
antibody (mAb Ber-EP4) specific for the glycopolypeptide
membrane antigen Ep-CAM, which is expressed on most
normal and neoplastic human epithelial cells (Dynal, Oslo,
Norway), was added to each portion, and the mixtures were
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incubated for 30 min under gentle rolling in a mixer at room
temperature. After 15-min shaking, the colonocytes were
recovered from 5 tubes. The colonocytes from a single tube
were stored at -80°C for RNA extraction. The colonocyte
RNA was extracted by using an Isogen kit (Nippon Gene,
Toyama, Japan).

Microarray analysis. We used human U133A Gene Chip
(Affymetrix, Santa Clara, CA) for genome-wide expression
profiling of mRNAs corresponding to 14,564 genes, 18,445
transcripts including splicing variants, and 22,215 probe sets.
The procedures were conducted according to the supplier's
protocols. Briefly, 10 pg of fragmented cCRNA was hybridized
to the microarrays in 200 xl of a hybridization cocktail at
45°C for 16 h in a rotisserie oven set at 60 rpm. The arrays
were then washed with a nonstringent wash buffer (6X SSPE)
at 25°C, followed by a stringent wash buffer [100 mM MES
(pH 6.7), 0.1 M NaCl, and 0.01% Tween-20] at 50°C, stained
with streptavidin phycoerythrin (Invitrogen, Carlsbad, CA),
washed again with 6X SSPE, stained with biotinylated anti-
streptavidin IgG, followed by a second staining with strepta-
vidin phycoerythrin and a third wash with 6X SSPE. The arrays
were scanned using a GeneArray scanner (Affymetrix) at 3-ym
resolution, and the expression value (average difference: AD)
of each gene was calculated using GeneChip Analysis Suite
version 5.0 software (Affymetrix). The mean of AD values
in each experiment was 1000 to reliably compare variable
multiple arrays.

Réverse transcription-polymerase chain reaction (RT-PCR).
RT-PCR on colonocyte RNA was carried out using primer
sets designed for detecting the 3' side of cDNA of each gene.
Primers were 5'-ACCAGTGTGAGGACTCACCC-3' and 5'-

TGCTCTTTAAAGCCTTAGGCC-3' for PAP; 5'-AGCAAT

TACAACGGAGTCAA-3' and 5'-TCCAAAGACTGGGGT
AGGT-3' for REGIA; 5-TCTCTCCTGTGAAACCTGGG-3'
and 5'-AAGGGGTGTTGCTTTTATTGC-3' for DPEPI; 5'-
ATTAGCAGTTTAGAATGGAGG-3' and 5'-CTGTATCCA
ATTCTGTACTGC-3' for SEPP1; 5"TGGGCTGCCAACAT
GCCATC-3' and 5-TGTAGTAGCCCGATCGCACC-3' for
RPL27A; 5"GGCAAGCGAGATGAAGATAAGG-3' and 5'-
AGGTCCCATACGTATGACAG-3' for ATP1B1; 5'-AGAC
TATCCACCTTTGGGTCG-3' and 5-GATGCATTGTTATC
ATTAACCAGTC-3' for EEF1A; 5-TTGAGCGCACCTAA
CCACTGGT-3' and 5'-GAGAGGAAACATGGTCACACC
CA-3' for SEN, and 5'-ACATTCAGACTGAGCGTGCCTA-3'
and 5'-GATCTGGACGTCCCTGAAGCA-3"for RPS11. PCR
was performed under conditions of 30-35 cycles of 3 steps of
temperature, 95°C for 1 min, 55°C for 1 min, and 72°C for
1 min, using the AccuPrime TagDNA polymerase system
(Invitrogen).

Marker gene detection using focused microarray. A focused
microarray was constructed by fixing 50-60 mer of oligo-
nucleotide probes on a slide glass using our previously
developed Bubble Jet Technology (25). The microarray
contained a single spot for each sequence of 9 marker genes
(PAP,REGIA, DPEP1, SEPP1, RPL27A, ATP1B1, EEF1Al,
SFN, and RPS11) and a control artificial DNA sequence. Each
probe sequence used for the microarray is listed in Table I.
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Table 1. Sequences of primers and probes for focused microarray analysis.

GATCTGGACGTCCCTGAAGCA

Gene Forward primers Probes
Reverse primers
PAP GAGAAGCACAGCATTTCTGAG TTCCCCCAACCTGACCACCTCATTCTTATCITICTTCTGT
TGCTCTTTAAAGCCTTAGGCC TTCTTCCTCCCCGCTGTCAT
REGIA AATCCTGGCTACTGTGTGAG GACCATCTCTCCAACTCAACTCAACCTGGACACTCTCTT
TCCAAAGACTGGGGTAGGT CTCTGCTGAGTTTGCCTTGTT
DPEP1 ACCCATTACGGCTACTCCTC CAGATGCCAGGAGCCCTGCTGCCCACATGCAAGGACCA
AAGGGGTGTTGCTTTTATTGC GCATCT CCTGAGAG
SEPP1 AATTAGCAGTTTAGAATGGAGG CCATAGTCAATGATGGTTTAATAGGTAAACCAAACCCTA
CTGTATCCAATTCTGTACTGC TAAACCT GACC’I"CC’I'ITATGG
RPL27A TGGGCTGCCAACATGCCATC CCAACTGTCAACCTTGACAAATTGTGGACTTTGGTCAGT
‘ TGTAGTAGCCCGATCGCACC GAACAGACACGGGTGAATGCT ,
ATP1B1 GGCAAGCGAGATGAAGATAAGG GAGTGTAAGGCGTACGGTGAGAACATTGGGTACAGTGA
AGGTCCCATACGTATGACAG GAAAGACCGTTTTCAGGGACGT
~ EEF1Al AGACTATCCACCTTTGGGTCG CCACCCCACTCTTAATCAGTGGTGGAAGAACGGTCTCAG
GATGCA’I"I‘ GTTATCATTAACCAGTC AACTGTTTGTTTCAATTGGCC
SFN TTGAGCGCACCTAACCACTGGT CTCTGATCGTAGGAATTGAGGAGTGTCCCGCCTTGTGGC
GAGAGGAAACATGGTCACACCCA TGAGAACTGGACAGTGG
RPS11 ACATTCAGACTGAGCGTGCCTA TCATCCGCCGAGACTATCT 'GCACTACATCCGCAAGTACA

ACCGCTTCGAGAAGCG

Focused microarray analysis consists of 3 steps: i) Cy3-dUTP
labeling by multiplex-RT-PCR; ii) hybridization Cy3-labeled
cDNA to microarray, and iii) fluorescence scanning (Fig. 3).
Using 0.5 to 1 ug of total RNA prepared from colonocytes,
reverse transcription was performed with Superscript II
(Invitrogen) with T7-oligo dT 24 primer in a total volume
of 20 ul according to the manufacturer's protocol. To obtain
5-10 ug of cRNA, T7 transcription was performed. Using
5-10 ug of the cRNA, reverse transcription was performed
with Superscript IT with random hexamer in a total volume
of 20 ul. 'Multiplex-RT-PCR was performed in two tubes at
- different PCR cycles: 35 cycles for PAP, REG1A and DPEPI1,
and 25 cycles for SEPP1, RPL27A, ATP1B1, EEF1Al,
SEN, and RPS11. PCR primer sequences are also listed in
supplementary Table II. Twenty-five pl of the PCR solution
in each tube consisted of 1 yl of template cDNA, primers
(6.25 pmol each), 50 yuM Cy3-dUTP, 2.5 pl of AccuPrime
10X bufferl (2 mM dNTP, 15 mM MgCl,) and 1.0 ul of
AccuPrime Taq polymerase (Invitrogen). A thermal cycler
was set with initial heating at 95°C for 5 min followed by an
amplification cycle heated at 95°C for 30 sec, 58°C for 30 sec
and 72°C for 40 sec, followed by heating at 72°C for 10 min.
The two PCR solutions were mixed and purified with a
QIAquick PCR purification kit (Qiagen, Tokyo, Japan). The
entire Cy3-labeled cDNA solution (50 x1) was mixed in 120 ul
of a hybridization cocktail (6X SSPE containing 900 mM
NaCl, 60 mM NaH,PO,, and H,0, and 6 mM EDTA, pH 7.4/
10% formamide/0.05% SDS) including 0.1 nM Cy3-labeled
oligonucleotide which hybridizes the control artificial DNA

sequence. By using a hybridization apparatus, HybStation
(Genomic Solutions, Ann Arbor, MI), an array was pre-
heated to 65°C for 3 min, filled with the hybridization cocktail,
and incubated at 92°C for 2 min and then at 55°C for 4 h.
Subsequently, the array was washed with 2X SSC, 0.1% SDS
at 25°C and then with 2X SSC at 20°C, and rinsed with 0.1X
SSC in accordance with a conventional manual, and finally
dried by a spin drier. The array was scanned by an apparatus
for DNA microarrays, Genepix 4000B (Axon Instruments,
Union City, CA) and the fluorescence intensity from each
probe spot was obtained after subtracting the background
level. This focused microarray assay belongs in a negative or
positive assay. However, it is required for determining the
cutoff values. In this study, the maximum value of each gene
plus 2- or 3-times standard deviation in 7 healthy volunteers
was used as the cutoff-value. :

Results

Marker gene selection through genome-wide expression
profiles of cancer tissues, non-cancerous tissues, and the
peripheral blood. In the feces of colorectal cancer patients,
living cells other than bacteria include a small amount of
cancer cells and normal colorectal mucus cells, lymphocytes,
red blood cells and anal squamous cells. It is noted that the
content of lymphocytes and red blood cells is increased in the
feces of people with hemorrhoids. Therefore, genes that are
expressed in almost all cases of early and advanced colorectal
cancer and that are not expressed in normal colorectal mucosas,
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Table II. Eighty-five genes expressed in the cancer patient-derived colonocytes but not in the healthy volunteer-derived
colonocytes.

- 24

No. Gene symbol Gene title Entrez gene ID  No expression
in the PB
1 JUND jun D proto-oncogene 3727
2 TPT1 tumor protein, translationally-controlled 1 7178 *
3 RPI1A1 ribosomal protein 141 6171 *
4 RPS11 ribosomal protein S11 6205 *
5 RPS29 ribosomal protein S29 6235 *
6 RPL38 ribosomal protein L.38 6169 *
7 SEPP1 selenoprotein P, plasma, 1 6414 *
8 RPL23 ribosomal protein 1.23 9349 *
9 B2M 8-2-microglobulin 567 *
10 CFL1 cofilin 1 (non-muscle) 1072 *
11 RPL31 ribosomal protein L31 6160 *
12 RPS3A ribosomal protein S3A 6189
13 TMSB10 thymosin, 8 10 9168 *
14 RPL39 ribosomal protein L.39 6170 *
15 HMGBI1 . high-mobility group box 1 3146
16 CEACAM6 carcinoembryonic antigen-related cell adhesion molecule 6 4680
- (nomn-specific cross reacting antigen)
17 ATP1B1 ATPase, Na*/K* transporting, B 1 polypeptide 481 *
18 RPS20 ribosomal protein S20 6224 *
19 ARF6 ADP-ribosylation factor 6 382 *
20 RPS21 ribosomal protein S21 6227 *
21 EIF5A Eukaryotic translation initiation factor SA 1984 *
22 -RPL30 ribosomal protein L30 6156 *
23 EEF1A1 eukaryotic translation elongation factor 1 a 1 1915 *
RPL23A ribosomal protein 1.23a ° 6147 *
25 LOC56902  putatative 28 kIDa protein 56902
26 RPL27 ribosomal protein L.27 6155 *
27 SFN stratifin ! 2810 *
28 CEACAMS  carcinoembryonic antigen-related cell adhesion molecule 5 1048 *
29 RPS24 ribosomal protein S24 /// ribosomal protein S24 6229 *
30 MARCKS Myristoylated alanine-rich protein kinase C substrate 4082 *
31 PDEAC . phosphodiesterase 4C, cAMP-specific (phosphodiesterase E1 dunce 5143
o - homolog, Drosophila) :
32 LOC651423  similar to mitogen-activated protein kinase kinase 3 isoform A 651423
33 RPS10 ribosomal protein S10 6204
34 CEP27 centrosomal protein 27 kDa 55142
35 ILIRN interleukin 1 receptor antagonist 3557 *
36 SLC35E1 solute carrier family 35, member E1 79939
37 RPS27 ribosomal protein S27 (metallopanstimulin 1) 6232 *
38 RPS19 ribosomal protein S19 6223 - *
39 RPS16 ribosomal protein S16 6217 *
40 MORF4L2  mortality factor 4 like 2 9643 *
41 RPL22 ribosomal protein 1.22 . 6146 *
42 RPS2 ribosomal protein S2 6187 *
43 RPLP2 ribosomal protein, large, P2 6181 *
4 RPL7A ribosomal protein L7a 6130
45 RPL7 ribosomal protein L7 6129
46 RPS18 ribosomal protein S18 6222
47 HNRPH1 Heterogeneous nuclear ribonucleoprotein H1 (H) 3187
43 ZNF160 zinc finger protein 160 90338
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No. Gene symbol Gene title Entrez gene ID No expression
in the PB
49 RPS25 ribosomal protein S25 6230 *
50 PGF Placental growth factor, vascular endothelial growth factor-related protein 5228
51 SPG21 spastic paraplegia 21 (autosomal recessive, Mast syndrome) 51324
52 RPL9 ribosomal protein L9 6133 ok
53 PLEKHAS5 Pleckstrin homology domain containing, family A member 5 54471
54 PRR11  proline rich 11 55771
55 CTNNB1 catenin (cadherin-associated protein), 8 1, 88 kDa 1499
56  NFKBIA nuclear factor of x light polypeptide gene enhancer in B-cells inhibitor, a 4792
57 GTSE!  G-2 and S-phase expressed 1 51512
58 ATP8B1  ATPase, Class I, type 8B, member 1 5205
59 TMED2  transmembrane emp24 domain trafficking protein 2 10959 *
60 RPS4X  ribosomal protein S4, X-linked 6191
61 MUC3B  mucin 3B, cell surface associated _ 57876
62 TTLL12  tubulin tyrosine ligase-like family, member 12 23170
63 FTL ferritin, light polypeptide 2512 *
-64  TSPANI13 Tetraspanin 13 27075 *
65 PTP4A2 prote{n tyrosine phosphatase type IVA, member 2 8073 *
66 EGLN3  egl nine homolog 3 (C. elegans) 112399 *
67 ROCK2  Rho-associated, coiled-coil containing protein kinase 2 9475
68 NDRG1  N-myc downstream regulated gene 1 10397 *
69  GTPBP1 GTP binding protein 1 . 9567 *
70 " CAPZAl capping protein (actin filament) muscle Z-line, a 1 829 *
71 RPL13  ribosomal protein L13 6137 *
72 CIDEC  cell death-inducing DFFA-like effector ¢ 63924 o
73 SIRT3 sirtuin (silent mating type information regulation 2 homolog) 3 23410
. (S. cerevisiae) . '
74  LAPTM4A lysosomal-associated protein transmembrane 4 9741 *
75 NOS1 nitric oxide synthase 1 (neuronal) 4842 *
76  COQIOB  coenzyme Q10 homolog B (S. cerevisiae) - 80219 *
77 SAT spermidine/spermine N1-acetyltransferase 6303 *
78  Clorfl07 chromosome 1 open reading frame 107 27042
79 TXN thioredoxin 7295 *
80 SLC7A1  solute carrier family 7 (cationic amino acid transporter, y* system), 6541
: member 1
81 SLC1A7  solute carrier family 1 (glutamate transporter), member 7 6512
82 VIL2 villin 2 (ezrin) ' : 7430 *
83 NTRK2  neurotrophic tyrosine kinase, receptor, type 2 4915
84 - GSTAl  Glutathione S-transferase Al 2938
85 PTP4A3  protein tyrosine phosphatase type IVA, member3 - 11156

(+) Genes that were expressed in the cancer patient-derived colonocytes but not in either the healthy volunteer-derived colonocytes or the

peripheral blood (PB) mixture.

peripheral blood, and squamous cells are potentially good
markers for the screening of colorectal cancer from the feces.
To identify effective genes for fecal RNA-based screening,
we first compared 10 gene expression profiles of 6 early
colorectal cancer tissues (2 Dukes stage A and 4 Dukes stage
B cases), 3 advanced cancer RNA mixtures (6, 6, and 7 Dukes
stage C or D cases), and a normal colorectal mucosa RNA

mixture (6 cases). Of 14,564 genes, 2,926 were identified as
genes which were not detected in the normal mucosa but
detected in at least one of the above 9 cancer samples. Among
these 2,926 cancer-specific genes, 205 genes, which were
expressed in all of the 3 advanced cancer mixtures, were
identified; however, only 3 genes were found to be expressed
in all of the 6 early cancers. The cause of these results may
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Figure 1. Results of RT-PCR of 7 genes (PAP, REG1A, DPEEP1, SLC21A12, REG1B, SFRP4, and STK12) selected by microarray analysis on 30 colorectal
cancer tissues and on a peripheral blood mixture (PB). By microarray analyses, we first identified 15 genes which were expressed not in the normal colorectal
mucosa mixture or in a peripheral blood mixture but in more than 4 of 6 early cancers (Dukes stage A or B) and in all of 3 advanced cancer mixtures (Dukes
stage C or D). Next, we examined the frequency of the expression of these 15 genes in 30 colorectal cancer tissues (10 Dukes stage A, 12 Dukes stage B, and
8 Dukes stage C or D cancers), and selected, by RT-PCR, 7 genes (PAP, REG1A, DPEP1, SLC21A12, REG1B, SFRP4, and STK12) as the frequently

expressed genes at any stage of colorectal cancer.

be that the expression profile of early cancer varies from case
to case. Of 14,564 genes, we were able to select 65 genes
which were expressed not in the normal colorectal mucosa
mixture but in more than 4 of the 6 early cancers and in all of
the 3 advanced cancer mixtures. .

Considering bleeding by nonmalignant dlseases such as
hemorrhoids, which often give false positives in fecal colorectal
cancer screening, we selected 15 genes from the 65 genes,
because the expression of all the other 50 genes was detectable
in a peripheral blood mixture of 58 healthy volunteers when
a highly sensitive nested RT-PCR analysis with outer and
inner primer sets was performed (data not shown). Next, we
examined the frequency of the expression of these 15 genes
in 30 colorectal cancer tissues (10 Dukes stage A, 12 Dukes
stage B, and 8 Dukes stage C or D cancers), and selected, by
RT-PCR, 7 genes (PAP, REG1A, DPEPI1, SLC21A12,
REGI1B, SFRP4, and STK12) as the frequently expressed
genes at any stage of colorectal cancer (Fig. 1). By RT-PCR,
we lastly checked the expression of these 7 genes in RNA
- samples of the colonocytes of 15 healthy volunteers, which
were isolated from the feces by FMCI (23). No mRNA expr-
ession of 3 genes (PAP, REG1A, and DPEP1) was detected
in the colonocyte samples of all the 15 healthy volunteers;
however, the other 4 genes (SLC21A12, REG1B, SFRP4, and
STK12) were found to be expressed in some samples (data
not shown). This fact may be due to the contamination of anal
squamous cells, which were dissociated from the anus and
survived in the feces, because our gene selection process can
minimize the effect on the contamination of lymphocytes, red
blood cells and dissociated normal colorectal epithelium.
Under the above criteria, only 3 genes were selected as the
final candidates for the fecal RNA-based early detection of
colorectal cancer.

Marker gene selection by comparison of expression profiles
between healthy volunteer- and cancer patient-derived
colonocytes from the feces. Next, we obtained and compared
5 gene expression profiles of 4 colonocyte RNA samples
(CF15, CF17, CF18, and CF25), which were isolated from
the feces of 4 colorectal cancer patients by FMCI, and a
colonocyte RNA mixture (HVF) of 7 healthy volunteers. Of

14,564 genes, the number of detectable genes in 5 colonocyte
samples, CF15, CF17, CF18, CF25, and HVF is 768, 603,
772, 459, and 326, respectively. The number of detectable
genes in the colonocyte is approximately 6.5% of that (11,343)
in the colorectal cancer tissue. The major reason seems to be
that most colonocytes are not in the cell division cycle but are
resting, because the detectable gene number (1,535) in the
peripheral blood composing such resting cells was also small.
Unexpectedly, 716 (93%), 553 (92%), 712 (92%), and 424
(92%) of the above detectable genes (768, 603, 772, and 459)
in the the colonocytes of the cancer patients were not expressed
in those of the healthy volunteers. The huge difference of the
colonocyte expression profiles between the colorectal cancer
patients and the healthy volunteers might lead to succéss in
gene selection for fecal RNA-based early detection of colorectal
cancer. Eighty-five genes, whose expression was found in 3
or 4 of the 4 colorectal cancer patient samples (CF15, CF17,
CF18, and CF25) but not in the HVF, were identified (Table II).
Of these 85 genes, 29 (34%) were found to encode ribosomal
proteins (RPLs or RPSs). In the course of a series of studies, it
is predicted that normal mucous cells will die and be exfoliated
during turnover and that the colorectal cancer cells will survive
for a long time in the isolation processes as well as in the
feces (22,23). Therefore, protein synthesis in the cells would
be maintained actively for cancer cell survival under these
conditions. The FMCI can minimize the contamination of both
lymphocytes and red blood cells because the FMCI contains
the enrichment process of epithelial ‘cells such as colorectal
cancer cells, the contaminated anal squamous cells, and a few
living cells dissociated from the normal colorectal mucosa by
MACS (23). Therefore, expression status in the peripheral
blood is not needed for the gene selection process for fecal
RNA-based screening; all of the 85 genes are expected to be
good markers if the colonocytes are isolated by FMCI.

RT-PCR and focused microarray analyses of 9 selected genes
in 30 colonocyte RNA samples. Next, we performed RT-PCR
of the first 3 identified genes (PAP, REG1A, and DPEP1) in
the colonocyte RNA samples which were prepared from 23
curable colorectal cancer patients (Dukes stages A-C) and 7
healthy volunteers. The 23 colorectal cancer patients were 8
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Flgure 2. Results of RT-PCR of 9 genes (PAP, REG1A, DPEEP1, SEPP1, RPL27A, ATP1B1, EEF1Al, SEN, and RPS11).in the colonocyte RNA samples
from 23 curable colorectal cancer patients and 7 healthy volunteers. We performed RT-PCR of the first 3 identified genes (PAP, REGIA, and DPEP1) in the
colonocyte RNA samples which were prepared from 23 curable colorectal cancer patients (8 Dukes stage A, 6 Dukes stage B, and 9 Dukes stage C) and 7
healthy volunteers. Next, to test the power of the 85 genes, which were identified by colonocyte gene expression profiling, we randomly selected 6 (SEPP1,
RPL27A, ATP1BI1, EEFlAl SFN, and RPS11), and performed RT-PCR on the same samples. In total, RT-PCR of those 9 genes detected 18 (78%) of the 23
cancer patients, and 9 (64%) of the 14 early cancers (Dukes stage A or B) were detected; however, the expression of all of the 7 genes was hardly detected in
the 7 healthy volunteers (upper panel). The expression level of housekeeping genes such as ACTB (B-actin) was highly varied from sample to sample (lower
panel). KNS2 encoding kinesin 2 was selected, by microarray analyses, as a gene expressed constantly in any colonocyte RNA sample; however, the
expression level was also varied. Open circles indicate positive RT-PCR product, and numbers indicate the number of the positive genes in each sample.

with Dukes stage A, 6 with Dukes stage B, and 9 with Dukes
stage C cancers; 5 were right-sided and 18 were left-sided
cancers. Twelve (52%) of the 23 cancers were positive by
RT-PCR in at least one of the 3 genes whereas no positive
gene was found in any of the healthy volunteers (Fig. 2). To
test the power of the 85 genes, which were identified by
.colonocyte gene expression profiling, we randomly selected
6 (SEPP1, RPL27A, ATP1B1, EEF1Al, SFN, and RPS11).
RT-PCR of these 6 genes detected 16 (70%) of the 23 cancers
as at least positive for 1 gene whereas no positive gene was
found in any of the healthy volunteers (Fig. 2). No or a quite
low signal of all the 9 genes-was found in another RT-PCR
experiment with 8 healthy volunteers (data not shown). In
total, RT-PCR of those 9 genes detected-18 (78%) of the 23
cancer patients (Fig. 2). The 18 patients detected were 4 with
Dukes stage A, 5 with Dukes stage B, and 9 with Dukes stage
C cancers; 4 were right-sided and 14 were left-sided cancers.
Therefore, 9 (64%) of the 14 early cancers (Dukes stage A
or B), which have no lymph node metastasis, and show a good
prognosis, were able to be detected. Importantly, 4/5 (80%) of
the right-sided colorectal cancers were detected, which have
been reported to be very difficult to detect by any feces-based
molecular biological method, because most right-sided cancer-
derived colonocytes are severely damaged from remaining for
a long time in the feces.

For fecal RNA-based detection of early colorectal cancer,
quantitative real-time RT-PCR is thought to hardly apply in
the colonocyte because the expression level of housekeeping
genes was highly varied from sample to sample (Fig. 2). The
expressional variation could be explained by the difference

of the physiological condition of colorectal cancer cells and
anal squamous cells isolated from the feces by FMCI. All of
the 9 genes were selected as cancer cell- or cancer patient-
derived colonocyte-specific genes. Therefore, a negative or
positive assay was thought to be sufficient for fecal RNA-
based colorectal cancer detection. Accordingly, we developed -
a multiplex RT-PCR-based microarray assay for evaluating the
above RT-PCR results and for providing an effective imaging
tool for mass cancer screenings (Fig. 3). The Cy3-labeled
cDNAs prepared by multiplex RT-PCR in a single tube were
hybridized with 9 gene sequences on a focused microarray,
which was manufactured by our previously developed Bubble
Jet Technology with a small modification (25). Hybridization
signals and the number of positive genes in the above 23 cancer
patient-derived colonocyte RNA samples and 7 healthy
volunteer-derived colonocyte RNA samples are shown in
Fig 4. In total, a high concordance was obseived between the
focused microarray and RT-PCR. The focused microarray
detected 18 (78%) of the 23 cancer patients. Ten (71%) of
the 14 early cancers (Dukes stage A or B) and 4 (80%) of the
5 right-sided cancers were detected.

Discussion

Although the number of samples examined in this study is
considered to be small, the evidence suggests that these
successful results could be obtained from the high-quality of
the RNA of the colonocytes, which were isolated by FMCI.
From a practical point of view for mass cancer screenings, it
is noted that the same number of colonocytes from fecal
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Figure 3. Schematic ﬂow diagram of a focused micoarray assay. Marker mRNAs (PAP, REG14, DPEP1, SEPP1, RPL27A, ATP1B1, EEF1Al, SFN, and-
RPS11 mRNAs) were amphﬁed and labeled with Cy3-dUTP by multiplex-RT-PCR among total RNAs from colonocytes isolated by FMCI (step 1) and
hybridized to focused micoarray (step 2), followed by fluorescence intensity scanning (step 3).
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Figure 4. Hybridization image of focused microarray analysis and the number of positive genes in 30 colonocyte RNA samples. The Cy3-labeled cDNAs
prepared by multiplex RT-PCR in two tubes were hybridized with 9 gene sequences (PAP, REG1A, DPEP1, SEPP1, RPL27A, ATP1B1, EEF1Al, SEN, and
RPS11) on a focused microarray, which was manufactured by our previously developed Bubble Jet Technology with a small modification (25). Hybridization
signals and the number of positive genes (right) in the above 23 cancer patient-derived colonocyte RNA samples and 7 healthy volunteer-derived colonocyte
RNA samples are shown. In total, a high concordance was observed between focused microarray and RT-PCR. Ten (71%) of the 14 early cancers (Dukes
stage A or B) and 8 (89%) of 9 Dukes stage C cancers were detected by the focused microarray analysis. The number of positive genes in RT-PCR are in
parentheses (Fig. 2). A
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materials 6 h to 3 days after evacuation can be obtained if the
feces are kept at 4°C (23). However, if conventional fecal RNA
preparation methods without the epithelial cell enrichment
process are used for colorectal cancer screening, we have to
consider the contamination of blood in the feces, which derives
from nonmalignant diseases. Considering the use of such
methods, to this end we further provided 56 genes, which
were expressed in the cancer patient-derived colonocytes
but not in either the healthy volunteer-derived colonocytes or
the peripheral blood mixture (Table I). This study suggests
that the fecal RNA-based method could be a promising
procedure for the detection of early or right-sided colorectal
cancers. We recently developed a very effective focused

microarray assay for detecting minimal gastric cancer cells in -

peritoneal washings, demonstrating a specificity and sensitivity
equal to or better than cytology in two large specialist
hospitals with trained cytologists (26). Therefore, the focused
microarray assay could provide an effective imaging tool for
mass screening, and our extensive gene list provides useful
markers.
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Abstract

It has been recently reported that NK012, a 7-ethyl-10-hydroxy-
camptothecin (SN-38)-releasing nanodevice, markedly enhan-
ces the antitumor activity of SN-38, especially in hypervascular
tumors through the enhanced permeability and retention
effect. Renal cell carcinoma (RCC) is a typical hypervascular
tumor with an irregular vascular architecture. We therefore
investigated the antitumor activity of NK012 in a hypervascular
tumor model from RCC. Immunohistochemical examination

- revealed that Renca tumors contained much more CD34-
positive neovessels than SKRC-49 tumors. Compared with CPT-
11, NK012 had significant antitumor activity against both bulky
Renca and SKRC-49 tumors. Notably, NK012 eradicated rapid-
growing Renca tumors in 6 of 10 mice, whereas it failed to
eradicate SKRC-49 tumors. In the pulmonary metastasis
treatment model, an enhanced and prolonged distribution of
free SN-38 was observed in metastatic lung tissues but not in
nonmetastatic lung tissues after NK012 administration. NK012
treatment resulted in a significant decrease in metastatic
nodule number and was of benefit to survival. Qur study shows
the outstanding advantage of polymeric micelle-based drug
carriers and suggests that NK012 would be effective in treating
disseminated RCCs with irregular vascular architectures.
[Cancer Res 2008;68(6):1631-5]

Introduction

Passive targeting of the drug delivery system is suited to
combating the pathophysiologic characteristics present in many
solid tumors: hypervascularity, irregular vascular architecture,
potential for secretion of vascular permeability factors, and the
absence of effective lymphatic drainage that prevents efficient
clearance of macromolecules. These characteristics, unique to solid
tumors, are believed to be the basis of the enhanced permeability
and retention (EPR) effect (1). Polymeric micelle-based anticancer
drugs have recently been developed (2, 3), and some were put
under evaluation for clinical trials (4, 5).

7-Ethyl-10-hydroxy-camptothecin (SN-38), a biological active
metabolite of irinotecan hydrochloride (CPT-11), has potent
antitumor activity, but has not been used clinically because it is
a water-insoluble drug. It has been recently shown that novel
SN38-incorporated polymeric micelles, NK012, have the potential
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to allow effective sustained release of SN-38 inside a tumor and
possess potent antitumor activities especially in a vascular
endothelial growth factor (VEGF)-secreting hypervascular tumor
(6), because the supramolecular structures of NKO12 which enable
SN-38 to accumulate in the target tissue are based on the EPR
effect (1).

Renal cell carcinoma (RCC) is a typical hypervascular tumor
with an irregular vascular architecture. We therefore conducted an
investigation to determine whether NK012 would be effective in
treating RCC by using established RCC tumor models with
pulmonary metastasis.

Materials and Methods

Drugs and cells. CPT-11 was purchased from Yakult Honsha Co.,, Ltd.
SN-38 and NKO012 was prepared and supplied by Nippon Kayaku Co., Ltd.
(6). Five human RCC lines (SKRC-49, Caki-1, 769P, 7860, and KU19-20) and
murine Renca cells were maintained in DMEM or MEM supplemented
with 2 mmol/L glutamine, 1% nonessential amino acids, 100 units/mL
streptomycin and penicillin, and 10% FCS.

In vitro growth inhibition assay. The growth inhibitory effects of
NKO12, SN-38, and CPT-11 were examined with a 3-(4, 5-dimethylthiazol-2-yt}-
2, 5-diphenyltetrazolium bromide (MTT) assay, as described previously (6).

In vivo growth inhibition assay. The animal experimental protocols
were approved by the Committee for Ethics of Animal Experimentation,
and the experiments were conducted in accordance with the Guidelines
for Animal Experiments in the National Cancer Center. Athymic nude mice
(3-4 wk old) were maintained in a laminar air flow cabinet under aseptic
conditions. 107 RCC cells were s.c. injected into the backs of the mice.
NKO12 at doses of 10 mg/kg/d or 20 mg/kg/d and CPT-11 at doses of
15 mg/kg/d or 30 mg/kg/d were given iv. on days 0 (when tumors were
allowed to grow until they became massive in size, around 1.5 cm), 4, and 8.
Tumor volume was determined by direct measurement with calipers and
calculated as n/6 X (large diameter) X (small diameter)®. -

Assessment of treatment effects of NKO12 on murine pulmonary
metastasis model. A total of 1 X 10° Renca cells were inoculated into
male BALB/c mice via the tail vein. The mice were randomly divided into
three groups of 10. NKOI2 at dose of 20 mg/kg/d and CPT-11 at dose of
30 mg/kg/d were given iv. on days O (7 d after inoculation), 4, and 8. After
that, the mice were sacrificed, their lungs were stained intratracheally with
15% India black ink solution, and the number of metastatic nodules in
each mouse was counted. To determine the effect of NK012 on survival, an
identical experiment to the one described above was done. After treatment,
mice were maintained until each animal showed signs of morbidity (i.e.
over 10% weight loss compared with untreated controls), at which point
they were sacrificed. Kaplan-Meier analysis was done to determine the
effect on time to morbidity, and statistical differences were ranked
according to a Mantel-Cox log-rank test using the StatView 5.0 software
package.

Histologic and immunohistochemical analysis. Histologic sections
were taken from Renca tumor tissues. After extirpation, tissues were fixed
with 3.9% formalin in PBS (pH 7.4), and the subsequent preparations and
H&E staining were performed by Tokyo Histopathological Laboratory Co.,
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__Table- 1. In 'vitro. growth inhibitory . activity” of SN-38, -
NK012, and CPT-11 in RCC lines (MTT assay) -~ -

Cell line ICsp (umol/L)
SN-38 NKO12* CPT-1

SKRC49 0.0064 + 0.005 0.011 + 0.008 4.14 + 045
Caki-1 0.0062 *+ 0.009 0.032 £ 0.006 8.45 + 0.85
769P 0.015 + 0.007 0.085 + 0.014 34.54 + 3.76
7860 0.031 £ 0.007 0.12 + 0.012 28.14 + 121
KU19-20 0.10 = 0.006 034 £ 0014 3265 + 1.25
Renca 0045 + 0.005 0.0096 + 0.008 2.26 + 0.05

*The dose of NKO012 is expressed as a dose equivalent to SN-38.

Ltd. Monoclonal anti-CD34 antibody (HyCult Biotechnology) was used to
detect the tumor blood vessels. CD34-positive neovessels were counted in
10 high-power fields (X400) by two independent investigators who operated
in a blinded fashion.

Assay for free (polymer-unbound) SN-38 in lung tissues. The Renca
pulmonary metastasis model described above was used for the analysis of
the biodistribution of NKO12 and CPT-11. Ten days after Renca inoculation,
NKO012 (20 mg/kg) or CPT-11 (30 mg/kg) was given iv. to the mice. The
mice were sacrificed at 0, 24, 48, and 72 h after administration, and lung
samples were taken and stored at —80°C until analysis. We prepared
control mice without Renca inoculation as the nonmetastatic model;
NKO012 was administrated as well, and lung samples were stored. Samples
were then homogenized on ice using a Digital homogenizer (Iuchi) and
suspended in the mixture of 100 mmol/L glycine-HCl buffer (pH 3)/
methanol (1:1, v/v) at a concentration of 5% w/w. Proteins were precipitated
with an ice-cold mixture of 1 mmol/L H;PO,/MeOH/H,0 (1:1:4, v/v/v)
containing camptothecin as an LS. The sample was vortexed for 10 s and
filtered through a MultiScreen Solvinert (Millipore Corporation), and the
concentration of free SN-38 in the aliquots of the homogenates (100 uL) was
determined using the high-performance liquid chromatography method (6).

Statistical analysis. Data were expressed as mean + SD. Significance of
differences was calculated using the unpaired ¢ test with repeated measures
of StatView 5.0. P < 0.05 was regarded as statistically significant.

Results and Discussion

We first evaluated in vitro cellular sensitivity of RCC lines to
SN-38, NK012, and CPT-11. The ICy, values of each agent for RCC
lines are shown in Table 1. NK012 exhibited higher cytotoxic effect

against each cell line compared with CPT-11 (96-fold to 406-fold
sensitive).

It is essential to elucidate the correlation between the
effectiveness of micellar drugs and tumor hypervascularity and
hyperpermeability. Gross evaluation of those RCC tumors s.c.
injected into the backs of mice revealed that Renca tumors were
more reddish and grew faster than SKRC-49 tumors, and immu-
nohistochemical examination showed that Renca tumors
contained much more CD34-positive neovessels than SKRC-49
tumors (Fig. 1).

We allowed the tumors to grow until they became massive,
around 1.5 cm, and then initiated treatment. A striking decrease
in Renca tumor volume was observed on day 15 in mice treated
with NK012 at 20 mg/kg/d compared with the untreated control
(Fig. 24). Renca bulky masses completely disappeared on day 21 in
6 of 10 mice treated with NK012 at 20 mg/kg/d. On the other hand,
Renca tumors in mice treated with CPT-11 at 30 mg/kg/d were not
eradicated and rapidly regrew after a partial response at day 15.
An approximate 10% body weight loss occurred in mice treated
with NK012 20 mg/kg, compared with the untreated controls, but
there was no significant difference in comparison with tumor-free
mice treated with NKO12, suggesting that the decrease in body
weight was likely to be due to tumor shrinkage rather than toxic
effects. We next compared the antitumor activities of the NK012
and CPT-11 treatment in SKRC-49 and Renca tumors. The SKRC-49
tumor volume in mice treated with NK012 at 20 mg/kg/d on day 21
was over 70% smaller than in the untreated controls on day 21
and ~ 50% smaller than in mice on day 0 (Fig. 2B). However, the
SKRC-49 tumors were not eradicated in mice treated with NK012.
Considering that equivalent in vitro growth inhibitory effects by
NKO12 were observed for SKRC-49 and Renca cells (Table 1),
our results suggest that the antitumor activity of NK012 in vivo
might be affected by tumor environment factors, such as tumor
vascularity.

We next examined the distribution of free SN-38 in the
metastatic’ or nonmetastatic (no inoculation of Renca cells) lung
tissues after administration of NK012 or CPT-11. In the case of
NKO12 administration in mice with lung metastasis, free SN-38 was
detectable at the concentration of >100 ng/g in metastatic lung
tissues with a typical microvascular architecture (Fig. 34) even at
72 hours after administration, whereas the concentrations of free
SN-38 in nonmetastatic lung tissues after NK012 administration
were much lower than those in metastatic lung tissues after
treatment with NK012 (significant at 24, 48, and 72 hours; P < 0.05;

Figure 1. Comparison of tumor
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angiogeneses of Renca and SKRC-49 in
athymic nude mice. A, representative
photographs of massive tumors developed
from Renca and SKRC-49 at 28 d

after s.c. injection (inoculation).
Immunohistochemical (CD34, x400)
examinations for each tumor are shown.
B, tumor neovascularization in each tumor
was quantified by counting CD34-positive
neovessels. Bars, SD. Experiments were
repeated twice with similar resuits.
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