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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 um), 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 ug of fragmented cRNA was hybridized
to the microarrays in 200 ul 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-um
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.

Reverse 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 DPEP1; 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 SFN, 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, EEF1A1l,
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 I. Sequences of primers and probes for focused microarray analysis.

Gene Forward primers Probes
Reverse primers

PAP GAGAAGCACAGCATTTCTGAG TTCCCCCAACCTGACCACCTCATTCTTATCTTTCTTCTGT
TGCTCTTTAAAGCCTTAGGCC TTCTTCCTCCCCGCTGTCAT

REGIA AATCCTGGCTACTGTGTGAG GACCATCTCTCCAACTCAACTCAACCTGGACACTCTCTT
TCCAAAGACTGGGGTAGGT CTCTGCTGAGTTTGCCTTGTT

DPEP1 ACCCATTACGGCTACTCCTC CAGATGCCAGGAGCCCTGCTGCCCACATGCAAGGACCA

- AAGGGGTGTTGCTTTTATTGC . GCATCTCCTGAGAG

SEPP1 AATTAGCAGTTTAGAATGGAGG CCATAGTCAATGATGGTTTAATAGGTAAACCAAACCCTA
CTGTATCCAATTCTGTACTGC TAAACCTGACCTCCTTTATGG

RPL27A°  TGGGCTGCCAACATGCCATC CCAACTGTCAACCTTGACAAATTGTGGACTTTGGTCAGT
TGTAGTAGCCCGATCGCACC GAACAGACACGGGTGAATGCT

ATP1B1 GGCAAGCGAGATGAAGATAAGG GAGTGTAAGGCGTACGGTGAGAACATTGGGTACAGTGA
AGGTCCCATACGTATGACAG GAAAGACCGTTTTCAGGGACGT

EEF1Al AGACTATCCACCTTTGGGTCG CCACCCCACTCTTAATCAGTGGTGGAAGAACGGTCTCAG
GATGCATTGTTATCATTAACCAGTC AACTGTTTGTTTCAATTGGCC

SFN TTGAGCGCACCTAACCACTGGT CTCTGATCGTAGGAATTGAGGAGTGTCCCGCCTTGTGGC
GAGAGGAAACATGGTCACACCCA TGAGAACTGGACAGTGG

RPS11 ACATTCAGACTGAGCGTGCCTA TCATCCGCCGAGACTATCTGCACTACATCCGCAAGTACA

GATCTGGACGTCCCTGAAGCA

ACCGCTTCGAGAAGCG

Focused microarray analysis consists of 3 steps: i) Cy3-dUTP
labeling by multiplex-RT-PCR; ii) hybridization Cy3-labeled
c¢DNA 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 1I
(Invitrogen) with T7-oligo dT 24 primer in a total volume
of 20 ul according to the manufacturer's protocol. To obtain
5-10 pug of cRNA, T7 transcription was performed. Using
5-10 ug of the cRNA, reverse transcription was performed
with Superscript II 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 DPEP1,
and 25 cycles for SEPP1, RPL27A, ATP1B1, EEF1Al,

SFN, and RPS11. PCR primer sequences are also listed in

supplementary Table II. Twenty-five u1 of the PCR solution
in each tube consisted of 1 pl of template cDNA, primers
(6.25 pmol each), 50 uM Cy3-dUTP, 2.5 ul 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 1) 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.

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 RPLA1 ribosomal protein L41 6171 *
4 RPS11 ribosomal protein S11 6205 *
5 RPS29 - ribosomal protein S29 6235 *
6 RPL38 ribosomal protein 1.38 6169 *
7 SEPP1 selenoprotein P, plasma, 1 6414 *
8 RPL23 ribosomal protein 1.23 9349 *
9 B2M B-2-microglobulin 567 *
10 CFL1 cofilin 1 (non-muscle) 1072 *
11 RPL31 ribosomal protein 1.31 6160 *
12 RPS3A ribosomal protein S3A 6189
13 TMSB10 thymosin, 8 10 9168 *
14 RPL39 ribosomal protein 1.39 6170 *
15 HMGB1 high-mobility group box 1 3146 *
16 CEACAM6  carcinoembryonic antigen-related cell adhesion molecule 6 4680
(non-specific cross reacting antigen) .
17 ATP1B1 ATPase, Na*/K* transporting, 8 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 1.30 6156 *
23 EEF1A1l eukaryotic translation elongation factor 1 a 1 1915 *
24 RPL23A ribosomal protein 1.23a 6147 *
25 LOC56902  putatative 28 kDa protein 56902
26 RPL27 ribosomal protein L27 6155 *
27 - SFN stratifin A 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
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 ribosornal protein S19 : 6223 *
39 RPS16 ribosomal protein S16 6217 *
40 MORF4L2  mortality factor 4 like 2 9643 *
41 RPL22 ribosomal protein L22 6146 *
42 RPS2 ribosomal protein S2 6187 *
43 RPLP2 ribosomal protein, large, P2 6181 *
44 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

48 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 *
53 PLEKHAS Pleckstrin homology domain containing, family A member 5 54471

54 PRRI1  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 GTSE1 G-2 and S-phase expressed 1 51512

58 ATP8B1  ATPase, Class I, type 8B, member 1 5205

59 TMED?2  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 TSPAN13 Tetraspanin 13 27075 *
65 PTP4A2  protein 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  CAPZA1l capping protein (actin filament) muscle Z-line, a 1 829 *
71 RPL13 ribosomal protein 1.13 6137 *
72 CIDEC  cell death-inducing DFFA-like effector ¢ 63924 *
73 SIRT3 sirtuin (silent mating type information regulation 2 homolog) 3 23410

(S. cerevisiae)

74 LAPTMA4A lysosomal-associated protein transmembrane 4 a 9741 *
75 NOS1 nitric oxide synthase 1 (neuronal) 4842 *
76 COQI10B  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, member 3 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, DPEEPI, 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 diseases 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, DPEP1, 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, REGIA, 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 success 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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Figure 2. Results of RT-PCR of 9 genes (PAP, REG1A, DPEEPI1, SEPP1, RPL27A, ATP1B1, EEF1Al, SFN, 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, REG1A, 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, ATP1B1, EEF1A1, 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, EEF1A1, 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 observed 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 FMCIL.
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, REGI1A, DPEP1, SEPP1, RPL27A, ATPIB1, EEF1A1, SFN, and
RPS11 mRNAs) were amplified 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, SFN, 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).
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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 II). 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

Spinal gene therapy is a2 promising option for treating various spinal-related disorders. Several previous studies using viral vectors reported
successful transfer of therapeutic genes into the spinal nerve system. However, because of the considerable immunogenicity related to the use of
viruses, non-viral gene transfer still needs to be developed. One possible approach is the combined use of ultrasound and echo-contrast
microbubbles. The present study shows that this method can be applied for targeted intrathecal gene delivery. We intrathecally injected a mixture
of plasmid-DNA encoded with luciferase and commercially available albumin microbubbles by needle puncture at the lower lumbar intervertebral
space in mice. Subsequent percutaneous ultrasonication on the lumbar vertebrae significantly enhanced the luciferase expression, analyzed by
imaging luciferin bioluminescence, in the dorsal meningeal cells at the insonated region. No apparent neurological damages were induced by the
present spinal interventions. In addition to the general benefits of the combined use of ultrasound and microbubbles, our approach can offer some
advantages specific to spinal gene transfection including minimal invasiveness of simple percutaneous dural puncture, targetability due to the
limited access of ultrasound waves through anatomical apertures of the vertebrae, and possible paracrine delivery of therapeutic molecules to the

spinal nerve system.
© 2006 Elsevier B.V. All rights reserved.

Kevwords: Gene therapy; Spinal disorder; Intrathecal delivery; Ultrasound; Microbubble

1. Introduction

Spinal gene transfer is expected to become a promising
option for treating various spinal-related disorders including
nerve injury, degenerative diseases, neoplasm, and chronic pain
[1,2]. To date, the most widely used vehicles for gene delivery
are viral vectors. Recent animal studies using adenovirus vectors
indicated that direct spinal injection of specific growth-factor
genes achieved functional recovery after acute spinal cord injury
[3~5]. The feasibility of virus-mediated gene transfer to treat
chronic pain has been also explored using the precursor genes of
endogenous opioids [6,7]. The targeted spinal tissues for the
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opioid-gene transfer can be both meningeal and parenchyma
cells. Among the utilized viral vectors that are mostly derived
either from adenoviruses, adeno-associated viruses, herpes
simplex viruses or retroviruses [8], herpes vectors may be the
most promising for antinociceptive gene therapy because of its
high selectivity to primary afferent neurons {2,9].

Despite such experimental successes in virus-mediated gene
delivery, however, alternative non-viral transgene applications
need to be developed because the clinical use of viral vectors is
limited by such possible disadvantages as immunogenic
properties, inflammatory responses, and the difficulty of
producing large amounts of pure virus. In this context, it has
been reported recently that the emission of high-pressure
ultrasound in combination with echo-contrast agents, microbub-
bles, can facilitate gene transfection into cells [10]. Possible
explanations for the mechanisms include the production of
transient pores on the cell membranes as well as an increase in the
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membrane fluidity by impulsive pressures raised when micro-
bubbles are disrupted by ultrasound [11,12]. The combined use of
microbubbles and ultrasound for gene delivery has several
advantages including low toxicity, low immunogenicity, low
invasiveness, high target selectivity, and repeatable applicability
[11]. In the present study, we focused on spinal gene delivery and
demonstrated that percutaneous ultrasonication in combination
with intrathecal microbubbles facilitated gene transfection in
spinal meningeal cells in mice.

2. Materials and methods
2.1. Animals

The study was approved by the Animal Care Committee of
Tohoku University Graduate School of Medicine. Male inbred
BALB/c mice were purchased from the institutional breeding
facilities at 5-6 weeks of age and maintained in an antigen- and
virus-free room (221 °C, 60+ 10% relative humidity, 12 h/12 h
light/dark cycle, food and water ad Iibitum). The mice were
studied at 7-8 weeks of age.

2.2. Plasmid DNA

pCMV-luciferase-GL3 (pcLuc-GL3: 7.4 kb) was constructed
by cloning the luciferase gene from the pGL3-Control Vector
(Promega Corp., Madison, W1, USA) into pcDNA3 (5.4 kb)
(Invitrogen, San Diego, CA, USA) at the Hindlll and BamHI
sites. Plasmid DNA was purified with a QIAGEN plasmid
isolation kit (QIAGEN, Hilden, Germany) and prepared at a
final concentration of 1 mg/ml.

2.3. Intrathecal transfection of plasmid DNA

Mice were anesthetized with an intraperitoneal injection
of sodium pentobarbital (80 mg/kg) and immobilized in a prone
position on an acrylic plate. Intrathecal access was accom-
plished by percutaneous lumbar puncture through the 4/5th or
5/6th intervertebral space using a 27-gauge stainless-steel needle
according to the Hylden and Wilcox technique with modifica-
tion [13]. Dural penetration of the needle was confirmed by
inspecting tail flicks of the mice. A total volume of 10 pl
containing 5 pg plasmid and commercially available albumin-
coated octa-fluoropropane gas microbubbles (MB), Optison™
(Amersham Health, Oslo, Norway; 5-8 x lOX/m], 3—4.5 pym in
diameter), in phosphate buffered saline at a final MB con-
centration either 0, 20, or 50 v/v% was then injected slowly into
the intrathecal space using a 50-ul microsyringe (Hamilton,
Bonaduz, GR, Switzerland). A mixture of the plasmid with MB
was prepared by gentle hand shaking immediately before
injection. Immediately after the intrathecal injection, the mice
were placed at a vertical position in a 37 °C water bath and
dorsally insonated for 1 min at the vertebral region that had been
injected using an ultrasound-emitting transducer (6 mm in
diameter; Fuji Ceramics Co., Fujinomiya, Japan). The ultra-
sound (US) parameters used were as follows: central frequency,
950 kHz; duty ratio, 20%; the average intensity per cross

section, 1.3 W/cm?; acoustic pressure at a standoff distance of
I mm from the transducer surface, 0.6 MPa; energy, 2.4 Jem?.
After the insonation, the mice were dried and kept under a heat
lamp until recovery from anesthesia.

2.4. Analysis of luciferase activity

Mice were killed by neck dislocation under deep anesthesia
with isoflurane at 1, 3, 7 days after transfection of the luciferase
gene. The spinal cord was harvested enr bloc at the level of the
lower thoracic to sacral region by careful dissection of the
vertebrae and placed on a dish plate. Subsequently, the tissue was
fully covered with Luciferin 30 mg in 1 ml PBS (Promega Co.,
Madison, W1, USA). Luciferin bioluminescence was immediately
quantified as the luciferase activity using an in vivo imaging
system (IVIS™, Xenogen Co., Alameda, CA, USA)[14].

2.5. Immunohistochemistry

The harvested spinal cords were preserved in 10% PFA for
4 h and then embedded in paraffin and sectioned. Sections
(4 um thickness) were evaluated for the presence of luciferase
protein by immunostaining. The sections were deparaffinized in
xylene for 5 min 3x, rehydrated through graded ethanol and
equilibrated in PBS. The sections were incubated in 3% H,0,
for 30 min to dampen endogenous peroxidase activity. They
were incubated for 30 min at room temperature with 10%
normal goat serum (Nichirei Biosciences Inc., Tokyo) to reduce
nonspecific protein binding. After a wash in PBS, the sections
were incubated with biotin-labeled rabbit anti-luciferase
antibody (0.5 g/ml) (Cortex Biochem, San Leandro, CA,
USA) overnight at 4 °C. The following day, after three washes
in PBS, immunoreactivity was detected using an anti-rabbit 1gG
Histofine SAB-PO(M) kit (Nichirei Biosciences Inc., Tokyo,
Japan) and diaminobenzidine (DAB) as a chromogen according
to the manufacturer’s protocols. After color development, the
spinal cord sections were counterstained with hematoxylin and
were then dehydrated, cleared, and mounted on slides.

2.6. Assessment of post-transfectional spinal injury

2.6.1. Thermal nociception

For assessing the nociceptive responses to thermal stimuli
after the intrathecal procedure, the paw withdrawal latencies
following exposure to infra-red radiant heat were determined
[15] using a commercial device (7370-Planter Test, Ugo Basille,
Comerio, Italy) three days after the gene transfection, Mice were
placed in a clear plastic chamber (210 mm x 105 mm x 130 mm)
with a glass floor and allowed to acclimate for at least 5 min.
After the acclimation period, radiant heat was projected to the
hind paw and time count was started. The heat projection was
made through a 5 mm x 10 mm aperture in the top of a movable
case containing the radiant heat source that was positioned under
the glass floor directly beneath the paw. The radiant heat source
consisted of a high intensity projecting Halogen lamp bulb
(8 V=50 W) located 40 mm below the floor. The time count was
stopped when the mouse withdrew its paw. Mice were tested
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with three determinations each at the right and left paw and were
allowed to rest for at least 30 min between each session.

2.6.2. Rotarod

For assessing motor function after the intrathecal procedure,
mice were tested using a rotarod (IITC; Life Science Instrument,
Woodland Hills, CA, USA) three days after the gene
transfection. The rod had a diameter of 3.8 cm and was
accelerated from 0 to 30 rpm over a 17.5-s period. The total time
that the mice remained on the rotarod was measured. The time
count was stopped when mice fell from the rod or when they
rotated around completely two times without walking [16].
Mice were tested with three trials and were allowed to rest for at
least 30 min between each session.

2.7. Statistical analysis

All values are expressed as mean+SEM. Statistical analysis
for the spinal luciferase activities was performed by one-factor
analysis of variance (ANOVA) with Fisher’s protected least
significant difference test (Fisher’s PLSD) as a post-hoc
procedure. Unpaired Student-T test was used for the behavioral
evaluations. Statistical significance was defined as p<0.05.

3. Results

3.1. Effects of microbubbles and ultrasound on spinal gene
transfection

Fig. 1 shows representative views of luciferin bioluminescence
in the mouse spinal cord obtained by the imaging system (sum of
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Fig. 1. Representative image showing luciferin bioluminescence (IVIS™,
Xcnogen Co., Alameda, CA, USA) in the spinal cord of BALB/c micc a day
after the intrathecal injection of plasmid DNA and microbubbles (Optison™,
Amcrsham Hcalth, Oslo, Norway) followed by percutancous ultrasonication.

Imaging time is 5 min. Color bar units represent photons s~ ' cm™2.
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Fig. 2. Plasmid-derived spinal luciferase activity represented by luciferin
bioluminescence in mice subjected to intrathecal gene delivery using ultrasound
and microbubbles. The ultrasound parameters were as follows: central fre-
quency, 950 kHz; duty ratio, 20%; the average intensity per cross scction, 1.3 W/
cm’; acoustic pressure at a standoff distance of 1-mm from the transducer
surface, 0.6 MPa; cnergy, 2.4 Jem?; exposure time, 1 min. (a) Treatment cffects
of ultrasound and 50% microbubbles one day after the application. Combined
usc of ultrasound and microbubbles significantly enhanced the gene transfection
compared to the other treatments. (b) Effects of the microbubble concentration
on the spinal gene expression. Microbubbles at concentrations of both 20 and
50% significantly enhanced the gene transfection one day after the application.
No significant difference was found between the Jucifcrase activities in mice
treated with the two concentrations. (c) Time course of spinal gene expression
in mice trcated with ultrasound and 50% microbubbles. Luciferase activity
significantly increased at 1 and 3 days after gene transfection which disappeared
by the 7th day. No statistical difference was found between the gene expression
at | and 3 days post-transfection. *p<0.001. =5 in cach group. US: ultrasound;
MB: microbubble (Optison).

photon counts from a region of interest at 5 min is presented). The
spinal luciferase activities determined one day after four different
treatments (DNA alone, DNA+MB, DNA+US, and DNA+
MB-+US) are shown in Fig. 2a. The concentration of MB used
was 50%. The luciferase activities in the treatments with DNA +
MB and DNA+US were as low as that with DNA alone. In
contrast, ultrasonication after the DNA+MB injection signifi-
cantly increased the luciferase activity by approximately 25 fold
compared to the other treatments ( p<0.001).
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3.2. Effects of microbubble concentration on spinal gene
transfection

Fig. 2b shows the spinal luciferase activities one day after
ultrasonication with 0, 20, and 50% MB. While the treatment
with MB significantly increased the luciferase activities
(p<0.02), the difference between 20 and 50% MB was not
significant.

3.3. Time course of spinal gene expression

The spinal luciferase activities were analyzed at 1, 3, and
7 days after the intrathecal gene transfection using US and 50%
MB (Fig. 2¢). The luciferase activities significantly increased at
1 and 3 days post-transfection (p<0.02) without an intergroup
difference, and returned to a level similar to that without US (at
1 day post-treatment) after 7 days.

3.4. Histological localization of the transfected gene expression

The immunohistochemical staining revealed that luciferase
expression was mostly limited to the meningeal cells in the

Fig. 3. Local gene expression in mousc spinal cord after intrathecal genc
delivery using ultrasound and microbubbles. Expression of luciferase protein
was mostly limitcd to the dorsal meningeal cells. (a) H&E staining in coronal
scctions of the lumber spinal cord. (b) Immunohistochemical localization of
luciferasc (arrows). Scale bar=100 um.
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Fig. 4. Neurological cvaluations of mice obtaincd 3 days after gene transfection
using ultrasound and microbubbles (50%). (a) Paw-withdrawal latency
following cxposure to infra-red radiant heat. Three determinations cach in the
right and lcft hind paw were combined in cach animal because the latency did
not differ between the two sides. (b) Rotarod latency that represents the total
time mice remained on the rotarod. Each mousc was tested with three trials. No
significant difference was found comparcd to untrcated mice in cither
determination. #n=4 in cach group. US: ultrasound; MB: microbubble (Optison).

dorsal surface of the spinal cord (Fig. 3). The expressing regions
were likely to have been the dura mater because Fig. 3b clearly
shows a positive staining for cells in a membrane structure apart
from the spinal parenchyma by the space of medullary fluid. As
the dura mater consists of two cell types, meningeal cell and
endothelial cell, the present data cannot strictly exclude the
positive staining for the endothelial cells. However, the
endothelial cells are shown to be very minor cellular
component, so that frequent staining may indicate expression
of the gene product mainly in the meningeal cells. There were
no hemorrhage or inflammatory findings in the sections.

3.5. Paw-withdrawal and rotarod latencies

Fig. 4 shows the averaged paw-withdrawal (Fig. 4a) and
rotarod latencies (Fig. 4b) in untreated and transfected (DNA +
50% MB+US) mice. Since the withdrawal latencies were not
different between the right and left paw (data not shown), the
data were combined in each animal. The determinations
revealed no significant difference in the paw-withdrawal or
rotarod latencies between the two groups, indicating that the
present intervention did not affect the sensory and motor
neurologic functions of the mice.

4. Discussion

The present study clearly demonstrated that percutaneous
ultrasonication on an intrathecally administered mixture of
plasmid-DNA and Optison facilitated the transfection of
luciferase genes into the spinal meningeal cells in mice. No
significant deficit was observed either in the sensory or motor
neurologic functions after the procedures. In addition to the
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general benefits of the combined use of ultrasound and
microbubbles, our approach offers some advantages specific
to spinal gene transfection. First, it requires only intrathecal
needle access and percutaneous sonication that have been
widely accepted in the clinical practice. Although a relatively
short duration of gene expression (<7 days) was observed
(Fig. 2c), the minimal invasiveness of the present surgical
interventions would permit repetitive gene delivery into the
spinal cord. Second, the intervertebral foramina and spaces
would provide highly selective anatomical windows for
ultrasound access while the vertebral bony structures would
protect the spinal cord from possible excessive sonication.
Although spotty gene expressions in the insonated regions
would not be obvious in animals as small as the mice used in
this study (Fig. 1), it can be expected that an ultrasound beam
could reach the regions of the dorsal roots or the dorsal horns at
targeted vertebral levels through the boneless apertures in large
animals including human. This can be especially promising for
transferring antinociceptive genes. Third, gene transfer into
meningeal cells (Fig. 3) may be useful for topical delivery of
bioactive substances into the CSF or adjacent spinal parenchy-
ma while avoiding direct genetic modulation of parenchyma
cells. Transgene-derived peptides such as growth factors,
neuropeptides, or endogenous opioids that are secreted from
meningeal cells would act in a paracrine manner on neurons and
glias in the near vicinity, circumventing pharmacological
problems related to the short half-life of the peptides or the
need for high doses to achieve biological activity that could
result in undesirable side effects.

Spinal gene therapy can be expected to be a promising
approach to treat various spinal-related disorders. In previous
animal studies, the delivery of therapeutic genes into the spinal
nerve system has been mostly achieved using viral vectors [8].
However, because of the considerable disadvantages involved
in using viral vectors, the development of alternative non-viral
transgene techniques is needed. Cationic reagents such as
cationic liposomes [17] have been developed for non-viral gene
transfection. Achieving the efficient delivery of such molecules,
however, to the spinal cord includes inherent difficulties. First,
intrathecal injection induces diffusion of reagents into the
cerebral spinal fluid (CSF), resulting in lack of target specificity.
Second, since the CSF continuously circulates and replaces, a
constant concentration of reagents for necessary transfection to
a specific site would not be achieved. Ultrasound gene therapy
is an altemative non-viral approach [18]. The insufficient
transfection efficiency of simple ultrasonication can be
improved by the combined use of echo-contrast microbubbles
[11]. The use of ultrasound with microbubbles, which enables
non-invasive, tissue-specific gene delivery, has received much
interest and enhanced gene transfer has been reported in various
animal tissues in vivo including heart [19], peripheral arteries
[20], skeletal muscles [21], and brain {22]. Very recently,
Shimamura et al. reported successful gene transfer into the rat
spinal cord using ultrasound and microbubbles [23]. The
authors intrathecally injected naked luciferase DNA with
Optison through the 4/5th lumbar intervertebral space and
applied sonication directly on the thoracic dural sac by

removing the dorsal part of the 9-10th thoracic vertebra,
which resulted in the enhanced expression of luciferase in the
meningeal cells in the insonated region. In contrast, we
accomplished transgene expression in the meningeal cells by
intrathecal injection of luciferase DNA with Optison through the
lower lumbar intervertebral space, as in their study, but then
employed simple transcutaneous insonation at the same lumbar
region without surgical exposure of the dura. The lower
invasiveness in our methodology would seem to be more
clinically useful. Interestingly, the duration of transgene
expression was consistently as short as a week in both studies.
Although Shimamura et al. described that the short expression
of transgene by single transfection would be acceptable to treat
acute spinal cord trauma [23], the repeated applicability due to the
lower invasiveness in the present study could enable treatments
for chronic ailments. In fact, we have recently shown that
successive gene expression was obtained by repeat transfection
using the present ultrasound—microbubble technique [24].
Nonetheless, since gene expression for longer than 3 weeks was
previously achieved by spinal electroporation via an intrathecal
electrode catheter in rat meningeal cells [25,26], the present
ultrasound-microbubble approach has the potential for method-
ological improvement to prolong the duration of transgene
expression by optimizing acoustic parameters such as intensity,
duty ratio, frequency, and spatial pressure distribution [12] and
changing the membrane properties of microbubbles [27].

The present acoustic parameters were relatively consistent
with those reported in previous studies in which ultrasound and
Optison were safely used for transferring genes into nervous
tissues [22,23]. Consistent with those studies, we did not find
macroscopic injuries in the skin or muscles, microscopic
damage in the spinal cord, or significant deficits in the spinal
neurological functions. In addition, the present neurological
tolerance may be alternatively explained by a characteristic of
our approach, namely that the intact vertebral bony structures
surrounding the intervertebral apertures limited excessive
sonication of the spinal cord. Nonetheless, further optimization
of the ultrasound parameters will improve the safeness of
sonication on nervous tissues. The physical conditions of the
microbubbles used in this study are additional issues to be
discussed. First, although we evaluated only the usefulness of
Optison, the possible utility and safety of microbubbles other
than Optison (e.g. lipid microbubbles) for intrathecal gene
transfer remains to be explored. Second, we should note that
Optison at a concentration as high as 50% was used in most
series of the present experiments. The reasons for this were that
a trend of higher transfection efficacy was observed in the 50%
group (but ns vs. 20% groups, Fig. 2b) and that no apparent
neurological damage was observed in the transfected mice
(Fig. 4). However, earlier studies [22,23] successfully used
Optison at concentrations of 20-25% for intrathecal gene
delivery in rats. It seems reasonable that intrathecal micro-
bubbles at lower concentrations would induce fewer adverse
effects while enabling an increase in the relative content of
plasmid DNA in a limited volume of mixture. Therefore, it is
possible that the concentration of microbubbles for intrathecal
injection could be further optimized. The authors finally note
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that the functional expressions of genes transfected into the
spinal nerve system have not yet been examined. Further efforts
using genes that are encoded with neurobioactive peptides are
clearly needed to investigate the clinical usefulness of the
present ultrasound—microbubble approach.

In conclusion, we demonstrated that simple percutaneous
ultrasonication on intrathecally administered plasmid DNA and
echo-contrast microbubbles enhanced the gene transfer into
spinal meningeal cells in mice. The present approach can
provide some advantages specific to spinal gene therapy
including minimal invasiveness, regional targetability, and
possible paracrine delivery of therapeutic molecules to the
spinal nerve system. Studies including functional assessments
of therapeutic gene transfer as well as the application of the
techniques in larger animals will further clarify the feasibility of
the present ultrasound-microbubble method in spinal gene
therapy.
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. Abstract

Tumour-targeted delivery of therapeutic agents is a longstanding pharmacological goal to improve selectivity and Therapeutic
Index. Most scientists have sought to use ‘active’ receptor-mediated tumour-targeting systems, however the “passive’ targeting
afforded by the Enhanced Permeability and Retention (EPR) effects provides a versatile and non-saturable opportunity for
tumour-selective delivery. Polymeric micelles are ideally suited to exploit the EPR effect, and they have been used for the
delivery of a range of anticancer drugs in preclinical and clinical studies. Here I overview some of the more important
approaches, assessing usefulness and seeking to identify the most promising ways to apply the phenomenon of passive

targeting for improved clinical outcome.

Keywords: Micelles, anticancer agent, EPR effect, clinical trial

Preface

Several problems of anticancer agents are recognized,
such as their low therapeutic indices and limited
efficacy due to the nonselective nature of their
therapeutic targets and their inability to accumulate
selectively in cancer tssues. Therefore, it would be
desirable to develop modalities by which cytotoxic
drugs can be selectively targeted to tumour tissues and
allowed to act effectively on only the cancer cells in the
tumor. The role of drug delivery systems (DDS) has
drawn attention in this context. DDS could be used
for acuve or passive targeting of tumor tssues. The
former refers to the development of monoclonal
antibodies directed against tumour-related molecules
that allow targeting of the tumour, because of specific
binding between the antibody and its antigen.
However, the application of DDS using monoclonal
antibodies is restricted to tumours expressing high
levels of related antigens.

About a quarter of a century ago, after training as a
surgeon, I started my career in the field of DDS under

the supervision of Prof. Maeda. We made intensive .

efforts to ascertain the mechanism of accumulation

of macromolecules in solid tumours. Finally, we
succeeded in publishing the first paper, in 1986, on
the enhanced permeability and retention (EPR) effect
(Matsumura and Maeda 1986). Passive targeting is
based on this EPR effect. The EPR effect is based on
the pathophysiological characteristics of solid tumour
assues: hypervascularity, incomplete vascular archi-
tecture, secretion of vascular permeability factors
stimulating extravasation within cancer tissue, and
absence of effective lymphatic drainage from tumours
that impedes the efficient clearance of macromol-
ecules accumulated in solid tumour tissues.

Several techniques to maximally use the EPR effect
have been developed, e.g. modification of drug
structures and development of drug carriers. Poly-
meric micelle-based anticancer drugs were originally
developed by Prof. Kataoka et al. in late the 1980’s or
early 1990’s (Yokoyama et al. 1990; 1991a, b, c;
Kataoka et al. 1993). Polymeric micelles were
expected to increase the accumulation of drugs in
tumour tissues utilizing the EPR effect and to
incorporate various kinds of drugs into the inner
core by chemical conjugation or physical entrapment
with relatively high stability. The size of the micelles
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can be controlled within the diameter range of
20-100nm, to ensure that the micelles do not pass
through normal vessel walls; therefore, a reduced
incidence of the side effects of the drugs may be
expected due to the decreased volume of distribution.

In this chapter, polymeric micelle systems for which
clinical trials are now underway are reviewed.

NK105, paclitaxel-incorporating micellar
nanoparticle

Paclitaxel (PTX) is one of the most useful anticancer
agents known for various cancers, including ovarian,
breast and lung cancers (Carney 1996; Khayat et al.
2000). However, PTX has serious adverse effects, e.g.
neutropenia and peripheral sensory neuropathy.
In addition, anaphylaxis and other severe hypersensi-
tive reactions have been reported to develop in 2-4%
~of patients receiving the drug even after premedication
with antiallergic agents; these adverse reactions have
been attributed to the mixture of Cremophor EL and
ethanol which was used to solubilize PTX (Weiss et al.
1990; Rowinsky and Donehower 2003). Of the
adverse reactions, neutropenia can be prevented or
managed effectively by administering a granulocyte
colony-stimulating factor. On the other hand, there
are no effective therapies to prevent or reduce nerve
damage which is associated with peripheral neuro-
pathy caused by PTX; therefore, neurotoxicity
constitutes a significant dose-limiting toxicity (DLT)
of the drug (Rowinsky et al. 1993; Wasserheit et al.
1996). '

Preparation and characterization of NK105

To construct NKI105 micellar nanoparticles
(Figure 1), block copolymers consisting of polyethy-
lene glycol (PEG) and polyaspartate, so-called PEG-
polyaspartate described previously (Yokoyama et al.
1990; 1991a, b, c; Kataoka et al. 1993), were used.
PTX was incorporated into polymeric micelles formed
by physical entrapment utilizing hydrophobic inter-
actions between PTX and the block copolymer
polyaspartate chain. After screening of many candi-
date substances, 4-phenyl-1-butanol was employed

PEG outer shell

block copolymer

L S
PEG P(Asp)

® PTX

Hydrophobic inner core

Figure 1. Preparation and characterization of NK105. The
micellar structure of NK105 PTX was incorporated into the inner
core of the micelle.

for the chemical modification of the polyaspartate
block to increase its hydrophobicity. Treating with a
condensing agent, 1,3-diisopropylcarbodiimide, the
half of carboxyl groups on the polyaspartate were
esterified with 4-phenyl-1-butanol. Molecular weight
of the polymers was determined to be approximately
20,000, (PEG block: 12,000; modified polyaspartate
block: 8000). NK105 was prepared by facilitating
the self-association of NK105 polymers and PTX.
NK105 was obtained as a freeze-dried formulation
and contained ca. 23% (w/w) of PTX, as determined
by reversed-phase liquid-chromatography using an
ODS column with mobile phase consisting of
acetonitrile and water (9:11, v/v) and detection of
ultraviolet absorbance at 227 nm. Finally, NK105, a
PTX-incorporating polymeric micellar nanoparticle
formulation with a single and narrow size distribution,
was obtained. The weight-average diameter of the
nanoparticles was approximately 85 nm ranging from
20 to 430 nm.

Pharmacokinetics and pharmacodynamics of NK105

Colon 26-bearing CDF1 mice were given a single iv
injection of PTX 50 or 100 mg/kg, or of NK105 at an
equivalent dose of PTX. Subsequently, the time-
course changes in the plasma and tumour levels of
PTX were determined in the PTX and NKI105
administration groups; furthermore, the pharmacoki-
netic parameters of each group were also determined.
NK105 exhibited slower clearance from the plasma
than PTX, while NK105 was present in the plasma for
up to 72h after injection; PTX was not detected afier
24 h or later of injection. The plasma concentration a1
5 min (Cs i) and the AUC of NK105 were 11- 10 20-
fold and 50- to 86-fold higher for NK105 than for
PTX, respectively. Furthermore, the half-life at the
terminal phase (f;,2) was 4-6 umes longer for
NK105 than for PTX. The maximum concentration
(Crax) and AUC of NK105 in Colon 26 tumours were
approximately 3 times and 25 times higher for NK105
than for PTX, respectively. NK105 continued to
accumulate in the tumours until 72 h after injection.
The tumour PTX concentration was higher than
10 pg/g even at 72 h after the intravenous injection of
NKI105 50 and 100 mg/kg. By contraries, the tumour
PTX concentrations at 72h after the intravenous
administration of free PTX 50 and 100 mg/kg were
below detection limits and less than 0.1 pg/g,
respectively.

In vivo antitumour activity

BALB/c mice bearing s.c. HT-29 colon cancer
tumours showed decreased tumour growth rates
after the administration of PTX and NKI105.
However, NK105 exhibited superior antitumour
activity as compared with PTX (P < 0.001). The



antitumour activity of NK105 administered at a PTX-
equivalent dose of 25 mg/kg was comparable to that
obtained after the administration of free PTX
100 mg/kg. Tumour suppression by NK105 increased
in a dose-dependent manner. Tumours disappeared
after the first dosing to mice treated with NK105 at
a PTX-equivalent dose of 100 mg/kg, and all mice
remained tumour-free thereafter. In addition, less
weight loss was induced in mice which were given
NK105 100 mg/kg than in those which were given the
same dose of free PTX.

Neurotoxiciry of PTX and NK105

Treatment with PTX has resulted in cumulative
sensory-dominant peripheral neurotoxicity in
‘humans, characterized clinically by numbness and/or
paraesthesia of the extremities. Pathologically, axonal
swelling, vesicular degeneration, and demyelination
were observed. We, therefore, examined the effects of
free PTX and NK105 using both electrophysiological
and morphological methods.

Prior to drug administration, there were no significant
differences in the amplitude of caudal sensory nerve
action potential (caudal SNAP) between two drug
administration groups. On day 6 after the last dosing
(at week 6), the amplitude of the caudal SNAP in the
control group increased in association with rat
maturation. The amplitude was significantly smaller in
the PTX group than in the control group (P < 0.01),
while the amplitude was significantly larger in the
NK105 group than in the PTX group (P < 0.05) and
was comparable between the NK105 group and the
control group (Figure 2). Histopathological examin-
ation of longitudinal paraffin-embedded sections of the
sciatic nerve 5 days after the sixth weekly injection
revealed degenerative changes. The NK105 adminis-
tration group showed only a few degenerative myeli-
nated fibers in contrast to the PTX administration

40

* % *
T

30 “

20

10
Student’s t-test
*P < 0.05, **P < 0.0]

0

control PTX NK105

Amplitude of caudal SNAP (V)

Figure 2. Effects of PTX or NK105 on the amplitude of rat caudal
sensory nerve action potentials as examined 5 days after weekly
injections for 6 weeks. Rats (n = 14) were injected with NK105 or
PTX at a PTX-equivalent dose of 7.5 mg/kg. About 5% glucose was
also injected in the same manner to animals in the control group.
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group which indicated markedly more numerous
degenerative myelinated fibers.

Clinical study

A phase I study was designed to determine maximum
tolerated dose (MTD), DLTs, the recommended dose
(RD) for phase II and the pharmacokinetics of NK105
(Kato et al.).

NK105 was administered by l-hour intravenous
infusion every 3 weeks without anti-allergic premedi-
cation. The starting dose was 10mg PTX equiva-
lent/m?, and dose escalated according to the
accelerated titration method. To date, 17 patients
(pts) have been treated at the following doses:
10mg/m? (n=1); 20mg/m> (n=1); 40mg/m?®
(n=1); 80mg/m? (n=1); 110 mg/m? (n=3);
150 mg/m? (n = 5); 180 mg/m? (n = 5). Tumor types
treated have included: pancreatic (n = 9), bile duct
(n=15), gastric (n=2), and colon (n = 1). Neutro-
penia has been the predominant hematological
toxicity and grade 3 or 4 neutropenia was observed
in pts treated at 110, 150 and 180 mg/m?. One patient
at 180 mg/m? developed grade 3 fever. No other grade
3 or 4 non-hematological toxicity including neuro-
pathies was observed. DLT's were observed in pts with
at the 180mg/m? (grade 4 neutropenia lasting for
more than 5 days), which was determined as MTD.
Allergic reactions were not observed in any of the
patients except one patient at the 180 mg/m?. A partial
response was observed in one pancreatic cancer pt
who received more than 12 courses of NKI105
(Figure 3). Despite of the long tme usage, only
grade 1 or 2 neuropathy was observed by modifying
the dose or period of drug administration. Colon and
gastric cancer pts experienced stable disease lasting 10
and 7 courses, respectively. The Cg,, and AUC of
NK105 showed dose-dependent characteristics. The
plasma AUC of NK105 at 180 mg/m® was approxi-
mately 30-fold higher than that of commonly-used
paclitaxel formulation.

Accrual is ongoing at the 150 mg/m? dose level to
determine RD. DLT was grade 4 neutropenia. NK105
generates prolonged systemic exposure to PTX in
plasma. Tri-weekly 1-hour infusion of NK105 was
feasible and well tolerated, with antitumor activity in
pancreatic cancer pt. NKI105 is planning to be
evaluated in Phase II studies of patients with
pancreatic, gastric, Or ovarian cancer.

NC-6004, cisplatin-incorporating micellar
nanoparticle

Cisplatin  [cis-dichlorodiammineplatinum  (II):
CDDP] is a key drug in the chemotherapy for
cancers, including lung, gastrointestinal, and geni-
tourinary cancer (Roth 1996; Horwich et al. 1997).
However, we often find that it is necessary to
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Figure 3. Serial CT scans. (A) A 60-year-old male with pancreatic cancer who was treated with NK105 at a dose level of 150 mg/m”. Baseline
scan (upper panels) showing multiple metastasis in the liver. Partial response, characterized by a more than 90% decrease in the size of the liver
metastasis (lower panels) compared with the baseline scan. The antitumor response was maintained for nearly 1 year.

discontinue treatment with CDDP due to its adverse
reactions, e.g. nephrotoxicity and neurotoxicity,
despite its persisting effects (Pinzani et al. 1994).
Platinum analogues, e.g. carboplatin and oxaliplatin
(Cleare et al. 1978), have been developed to date to
overcome these CDDP-related disadvantages. Con-
sequently, these analogues are becoming the standard
drugs for ovarian cancer (du Bois et al. 2003) and
colon cancer (Cassidy et al. 2004). However, those
regimens including CDDP are considered to consti-
tute the standard treatment for lung cancer, stomach
cancer, testicular cancer (Horwich et al. 1997), and
urothelial cancer (Bellmunt et al. 1997). Therefore,
the development of a DDS technology is anticipated,
which would offer the better selective accumulation of
CDDP into solid tumours while lessening its
distribution into normal tssue.

Preparation and characterization of NC-6004

NC-6004 were prepared according to the slightly
modified procedure reported by Nishiyama et al.
(2003) (Figure 4). NC-6004 consists of PEG,
a hydrophilic chain which constitutes the outer shell
of the micelles, and the coordinate complex of
poly(glutamic acid) (P(Glu)) and CDDP, a polymer-
metal complex-forming chain which constitutes the
inner core of the micelles. The molecular weight
of PEG-P(Glu) as a sodium salt was approximately
18,000 (PEG: 12,000; P(Glu): 6000). The CDDP-
incorporated polymeric micelles were clearly discrimi-
nated from typical micelles from amphiphilic block
copolymers. The driving force of the formation of the

CDDP-incorporated micelles is the ligand substitution
of platinum(I) atom from chloride to carboxylate in
the side chain of P(Glu). The molar ratio of CDDP to
the carboxyl groups in the copolymers was 0.71
(Nishiyama et al. 2003). A narrowly distributed size
of polymeric micelles (30 nm) was confirmed by the
dynamic light scattering (DLS) measurement. Also, the
static light scattering (SLS) measurement revealed that
the CDDP-loaded micelles showed no dissociation
upon dilution and the CMC was less than 5 X 1077,
suggesting remarkable stability compared with typical
micelles from amphiphilic block copolymers
(Nishiyama et al. 2003). It is assumed that the
interpolymer cross-linking by Pt(II) atom might
contribute to stabilization of the micellar structure.

The release rates of CDDP from NC-6004 were
19.6 and 47.8% at 24 and 96h, respectively. In
distilled water, furthermore, NC-6004 was stable
without releasing cisplatin.

Pharmacokinetics and pharmacodynamics

FAAS could measure serum concentrations of platinum
up to 48h after i.v. injection of NC-6004 but could
measure them only up to 4 h afteri.v. injection of CDDP.
NC-6004 showed a very long blood retention profile as
compared with CDDP. The AUC,., and C,.x values
were significantly higher in animals given NC-6004 than
in animals given CDDP, namely, 65-fold and 8-fold,
respectively, (P < 0.001 and 0.001, respectively).
Furthermore, the CL.,, and Vss values were significantly
lower in animals given NC-6004 than in animals given
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PEG-Poly (sodium-L-glutamate) block
copolymer

Figure 4. Preparation and characterization of cisplatin-incorporating polymeric micelles (NC-6004). Chemical structures of cisplatin
(CDDP) and polyethylene glycol poly(glutamic acid) block copolymers [PEG-P(Glu) block copolymers], and the micellar structures of

CDDP-incorporating polymeric micelles (NC-6004).

CDDP, i.e. one-nineteenth and one-seventy fifth,
respectively, (P < 0.01 and 0.01, respectively).

Regarding the concentration—time profile of plati-
num in various tissues after i.v. injection of CDDP or
NC-6004, all organs measured exhibited the highest
concentrations of platinum within 1h after adminis-
traton in all animals given CDDP. Furthermore,
“animals given NC-6004 exhibited the highest tissue
" concentrations of platinum in the liver and spleen at
late time points (24 and 48h after administration,
respectively). However, the concentrations decreased
on day 7 after administration. In addition, and in a
similar manner to other drugs, which are incorporated
in polymeric carriers, NC-6004 demonstrated accumu-
ladon in organs of the reticuloendothelial system, e.g.
liver and spleen. At 48h after administration, tissue
concentrations of platinum in the liver and spleen were
4.6- and 24.4-fold higher for NC-6004 than for CDDP.
On the other hand, a marked increase in tissue
platinum concentration was observed immediately
after administration in the kidneys of animals given
CDDP. Renal platinum concentration at 10 min and
1 h after administration were 11.6- and 3.1-fold lower,
respectively, in animals given NC-6004 than in animals
given CDDP. Furthermore, the maximum concen-
tration (Ch,.0) in the kidney was 3.8-fold lower at the
time of NC-6004 administration than at the time of
CDDP administration.

Regarding the tumour accumulation of platinum,
tumour concentrations of platinum peaked at 10 min
after administration of CDDP. On the other hand,
tumour concentrations of platinum peaked at 48h
after administration of NC-6004. The maximum
concentration (Cp.) in tumour was 2.5-fold higher
for NC-6004 than for CDDP (P < 0.001). Further-
more, the tumour AUC was 3.6-fold higher for NC-
6004 than for CDDP (81.2 and 22.6 pg/mih in
animals given NC-6004 and CDDP, respectively).

In vivo antitumour activity

BALB/c nude mice implanted with a human gastric
cancer cell line MKN-45 showed decreased tumour
growth rates after i.v. injecion of CDDP and NC-6004.
In the administration 6f CDDP, the CDDP 5 mg/kg
administration group showed a significant decrease
(P < 0.01) in tumour growth rate as compared with the
control group. However, the NC-6004 administration
groups at the same dose levels as CDDP showed no
significant difference in tumour growth rate. Regarding
time-course changes in body weight change rate, the
CDDP 5 mg/kg administration group showed a signifi-
cant decrease (P < 0.001) in body weight as compared
with the control group. On the other hand, NC-6004
administration group did not show a decrease in body
weight as compared with the control group.
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Nephrotoxicity of CDDP and NC-6004

In the CDDP 10 mg/kg administration group, 4 of 12
rats died from toxicity within 7 days after drug
administration. No deaths occurred in the NC-6004
10mg/kg administration group. Regarding renal
function, the BUN concentrations on day 7 after the
administration of 5% glucose, CDDP 10 mg/kg, and
NC-6004 10 mg/kg were 20.8 + 3.0, 65.3 * 44.4 and
20 * 4.5mg/dl, respectively. The plasma concen-
trations of creatinine on day 7 after the administration
of 5% glucose, CDDP 10mg/kg, and NC-6004
10mg/kg were 0.27 £ 0.03, 0.68 £ 0.23 and
0.28 = 0.04mg/dl, respectively. The CDDP
10 mg/kg administration group showed significantly
higher plasma concentrations of BUN and creatinine
as compared with the control group (P < 0.05 and
0.001, respectively), with the NC-6004 10mg/kg
administration group (P < 0.05 and 0.001, respect-
ively) (Figure 5). Light microscopy indicated tubular
dilation with flattening of the lining cells of the tubular
epithelium in the kidney from all animals in the
CDDP 10 mg/kg administration group. On the other
hand, no histopathological change was observed in the

(mg/dD)
80,
70
60
50
40
30
20
10

CDDP
BUN

NC-6004

Control

kidneys from all animals in the NC-6004 10 mg/kg
administration group.

Neurotoxicity of CDDP and NC-6004

Neurophysiological examination revealed that motor
nerve conduction velocities (MNCVs) in animals
given 5% glucose, CDDP, and NC-6004 were
44.2 =+ 3.5, 40.94 * 5.08 and 40.62 * 0.63m/s,
respectively. No significant difference was found
among the groups with respect to MNCV. Further-
more, sensory nerve conduction velocities (SNCVs) in
animals given 5% glucose, CDDP, and NC-6004 were
42.86 + 8.07, 35.48 * 491 and 43.74 = 5.3 m/s,
respectively. Animals given NC-6004 showed no
delay in SNCV as compared with animals given 5%
glucose. On the other hand, animals given CDDP
showed a significant delay (P < 0.05) in SNCV as
compared with animals given NC-6004 (Figure 6).
The analysis by ICP-MS on sciatic nerve concen-
trations of platinum could not detect platinum in
the sciatic nerve from animals given 5% glucose (data
not shown). Sciatic nerve concentrations of platinum
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Figure 5. Nephrotoxicity of CDDP and NC-6004. Plasma concentrations of blood urea nitrogen (BUN) and creatinine were measured after
a single i.v. injection of 5% glucose (n = 8), CDDP at a dose of 10 mg/kg (n = 12), NC-6004 at a dose of 10 mg/kg (n = 13) on a CDDP basis.

Nurotoxicity of CDDP and NC-6004 in rats
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Figure 6. Neurotoxicity of CDDP and NC-6004 in rats. Rats (n = 5) were given CDDP (2 mg/kg), NC-6004 (an equivalent dose of 2 mg/kg
CDDP), or 5% glucose, all intravenously twice a week, 11 administrations in total. Sensory nerve conduction velocity (SNCV) and motor
nerve conduction velocity (MNCYV) of the sciatic nerve at week 6 after the initial administration. The platinum concentration in the sciatic
nerve. Rats were given CDDP (5mg/kg, n=15), NC-6004 (an equivalent dose of 5mg/kg CDDP, n=5), or 5% glucose (n = 2), all
intravenously twice a week, four administrations in total. On day 3 after the final administration, a segment of the sciatic nerve was removed
and the platinum concentration in the sciatic nerve was measured by ICP-MS. The data are expressed as the mean * SD *P < 0.05.



