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Figure 5. MALDI-mass spectra of tryptic digests of AP. The acquired profiles were focused on mass ranges from 197010 2100 {A), from 2100 to
2300 (B), from 2450 to 2540 (C) and from 3600 to 5000 (D). The purified AP was treated under three following conditions: (a) reduction and S-
alkylation, {b) S-alkylation, (c} no treatment. Arrows and numerical values indicate specific peptide peaks and observed masses, respectively.

Tahle 4. Theoretical and observed mass values Jor disulfidedinked peptides (AP)

N value Positon MC? Modiheation(s) Modified siass value Observed s valoe Pepuide sequence”
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Disulfide bond 288 338 A4 i 464901
24 275000 ) ATY HONDRPAVTOTENPOR
fus203® oo 187 2 Disulfide bond 174- 184 (RAUAR 1980 97 RQYGPSATSTRGPONALL N

a) MO stands for the number of missed cleavapes
bt Disuifide linkages are indicated by hnes
o) Averave mass values The mass spectrum of this dedfide-finked peptide was acquired in Hoear positive jon inode
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Figure 6. MALDI-mass spectra of
tryptic digests of h-LYZ. The
acquired profiles were focused
on mass ranges from 1760 to
1880 (A) and from 3200 to 3800
(B). The purified h-LYZ was sub-
jected to the three following

100§ conditions: {(a) reduction and S-
50 alkylation, {b) S-alkylation, (c)
J no treatment. Arrows and
0 ny it st ik TN numerical values indicate spe-
) ' 3500 3600 cific peptide peaks and observed
Mass/Charge masses, respectively.
Table 5, Theoretical and obsery ed monoisotopic mass values for disullide-linked peptides (h-LYZ)
Mass Maodified Observed
Position Modficationis) Peptule sequence
value mass value mass value
N I 1
275632 71 98 Dhsulfide bond: TPGAVNACHT SCSALLODNIADAVACAK
3667 363030
885 360 o470 6H6-8) 7800 YWONDGK
205107 1204- 131 Disuttide bond: QY VOGCGVGLOGSGGGGGGOHGWSHPOIL K
3239 46 Az3022
391 29 71 7129 CFLAR
106,07 2534 Disudfide bund: GISLANWMCLAK
1823.89 182397
52023 117100 3 nz CONR

a3 Disulfide hakages are indicated by Tines
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200
% B Figure 7. Separation of tryptic
E 150 digests of h-LYZ synthesized in
E insect cell-free system using
= reverse-phase HPLC. The tryptic
S a0 digests of h-LYZ were separated
: & by reverse-phase HPLC with a
g 50-min linear gradient increas-
g - ¢ 7 ing from 5 to 50% ACN contain-
z ing 0.1% TFA. The flow rate was
- _N_,\Jt,_/u k__} AR ek 1.0 mi/min. Numerical values
}\w ) indicate peak IDs. Each peptide
tem in the eight peaks was identified
X . 7.5 28 5. 0.0 225 250 278 30 328 35
po 28 (2818017850028 280 7AW R854 by MALDI-TOF MS, as shown in
Tinte fmin] Table 6.
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Figure 8. MALDI-mass spectra of thermolytic digests of peptide
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8. The spectrum of peptide 8 (A). The acquired profiles were focused on

mass ranges from 1250 to 1450 (B) and from 2060 to 2160 (C). Arrows and numerical values indicate specific peptide peaks and observed
masses, respectively. Alphabet characters and lines show the corresponding amino acid sequences and disulfide linkages, respectively.
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Table 6. Theoretical and observed monoisotopic mass values for tryptic digests of synthesized h-LYZ separated

using reverse-phase HPLC

Peak ID Position Modification(s) Theoretical mass value Observed mass value

1 43-51 981.43 981.49

2 35-42 1012.45 1012.40

3 16-22 811.38 811.45

4 7-11 Disuifide bond: 3239.46 3239.14
124-131 7-129

5 109-114 788.42 788.04

6 52-63 1400.68 1400.34

7 23-34 Disulfide bond: 1823.89 1823.99
117-120 31-117

8 64-70 Disulfide bond: 3636.67 3636.39

71-98 66-82, 78-96
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Abstract. In colorectal cancer, to predict the response to
chemo- and/or radio-therapy or the existence of lymph node
metastasis preoperatively, a more competent diagnostic system
is required, in addition to conventional diagnosis based on
morphology and pathology. The application of gene expression
profiling to preoperative cancer diagnosis using endoscopic
biopsies could enable the selection of a more appropriate
therapy for patients. In this study, we evaluated the feasibility
of gene expression profiling using preoperative biopsies of
colorectal tumors in a clinical setting, by investigating the
influence of intra-tumor heterogeneity on the profiles and
testing the prediction ability of tumor malignancy. Under
endoscopic examination, two biopsies were sampled from
each of 10 colorectal cancers and 10 adenomas, and their gene
expression data were obtained using cDNA microarrays. The
intra- and inter-tumor heterogeneities of the profiles were
compared with unsupervised clustering analysis. Molecular
prediction of tumor malignancy using biopsies was performed
with the supervised classification algorithm. In clustering
analysis, almost all paired biopsies from the same tumors
joined each other. Pearson's correlation coefficients of the
profiles between biopsies from the same tumors (mean, 0.83)
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were significantly greater than those of the profiles between
biopsies from other cancers (mean, 0.58) (p<0.0001). In the
supervised classification method, malignancy was correctly
predicted in 39 out of 40 biopsies with 8-71 informative genes.
Gene expression profiling using endoscopic biopsies of
colorectal tumors revealed that the intra-tumor heterogeneity
was smaller than the inter-tumor heterogeneity and tumor
malignancy was correctly predicted. Our findings suggest
that the technique of gene expression profiling accurately
represents the biological properties of colorectal cancer and
could help the preoperative diagnosis of this disease.

Introduction

The incidence of colorectal cancer (CRC) is increasing and it
is one of the leading causes of cancer death in Japan (1).
Conventional diagnosis based on morphology and pathology,
such as Dukes' classification and the tumor-node-metastasis
(TNM) staging system, has played an important role in the
clinical decision-making and evaluation of prognosis for CRC
(2-4). However, it is difficult to differentiate the response to
chemo- and/or radio-therapy or the existence of lymph node
metastasis preoperatively by conventional diagnosis. To
predict such individual heterogeneous cancers' characteristics
preoperatively, a more competent diagnostic system is required.

Comprehensive gene expression assay using microarray
technology has provided insights into cancer pathogenesis
and is expected to help to fulfil the clinical demands for
individualized medicine (5). The discovery of a set of new
molecular markers, which can classify cancers according to
their properties using surgical specimens, has been reported
in various cancers (6). In CRC, this technology has been used
to elucidate the mechanisms involved in carcinogenesis (7-16)
as well as to predict various clinicopathological aspects, such as
recurrence after surgery (17-22). However, in clinical practice,
this fruitful molecular prediction using surgical specimens will
be limited to the selection of postoperative medicine such as
adjuvant therapy and follow-up schedules. On the other hand,
analysis using preoperative endoscopic biopsies, instead of
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Table 1. Patients and tumor characteristics.

KOMORI er al: PREOPERATIVE GENE EXPRESSION DIAGNOSIS IN CRC

Case Age Sex Tumor Tumor Tumor TNM staging
(years) location size (cm) type T N Stage

Cal 67 M D 20 Well differentiated adenocarcinoma Tl NO I

Ca2 55 F R 1.5 Well differentiated adenocarcinoma T1 NO I

Ca3 69 F R 56 Well differentiated adenocarcinoma T2 NO 1

Ca4d 59 F R 35 Moderately differentiated adenocarcinoma T2 NO 1

Cal 66 M R 55 Moderately differentiated adenocarcinoma T2 NO I

Cab 48 M S 2.8 Moderately differentiated adenocarcinoma T2 NO 1

Ca7 73 F S 57 Well differentiated adenocarcinoma T3 NO 1I

Ca8 55 M R 38 Moderately differentiated adenocarcinoma T3 NO I

Ca9 67 F R 34 Moderately differentiated adenocarcinoma T3 NO i1

Cal0 60 F R 30 Well differentiated adenocarcinoma T2 N1 I

Adl 60 M S 40 Tubulovillous adenoma

Ad2 74 M S 25 Tubular adenoma

Ad3 77 M A 2.5 Tubulovillous adenoma

Ad4 68 M T 1.1 Tubular adenoma

Ad5 62 F A 10 Tubulovillous adenoma

Ad6 60 M D 20 Tubulovillous adenoma

Ad7 72 M R 08 Tubulovillous adenoma

Ad8 61 M R 0.8 Tubular adenoma

Ad9 64 F S 1.2 Tubular adenoma

Ad10 78 F S 1.8 Tubular adenoma

M, male; F, female; A, ascending colon; T. transverse colon; D, descending colon; S, sigmoid colon; R, rectum.

surgically resected samples, would widen the utility of
microarray technology.

In rectal cancer, preoperative rather than postoperative
chemo- and/or radio-therapy reduces local recurrence after
surgery (23). Using preoperative biopsies under colonoscopic
examination, prediction of the response to preoperative
chemo- and/or radio-therapy would be useful for the selection
of patients who would most benefit from preoperative therapies
aimed at a better prognosis or improved chances of sphincter
preservation (24,25). The prediction of lymph node metastasis
could contribute to the avoidance of unnecessary surgery for
early invasive CRC. This is clinically important since lymph
node metastasis is found in only approximately 10% of early
invasive CRCs (26); the remaining 90% without metastasis
are more suited to undergo local excision such as colonoscopic
resection or transanal endoscopic microsurgery.

To determine the clinical importance of diagnosis based
on gene expression profiles using preoperative endoscopic
biopsies in CRC, we investigated the data quality from low
volume samples and the influence of intra-tumor hetero-
geneity on the profiles. Wide differences in profiles within a
tumor would hinder the adoption of this technique. There are
no reports that compared intra- and inter-tumor heterogeneity
in expression profiles in colorectal tumors. In the present study,
we sampled two biopsy specimens from each of 10 cancers
and 10 adenomas obtained under colonoscopic examinations,
and determined their gene expression profiles using cDNA

microarrays. By comparing their profiles, we assessed the
intra-tumor heterogeneity in colorectal tumors. Moreover, as
a first step for clinical applicability, by testing the molecular
prediction ability of tumor malignancy, we investigated whether
this technique, employing preoperative endoscopic biopsies,
allows characterization of the biological properties of colorectal
cancer.

Materials and methods

Patients and sample collection. From each of the 10 cancers
and 10 adenomas, two biopsy specimens were obtained under
colonoscopic examination. The clinicopathological data of
patients and their tumors are summarized in Table I. Six
bulky samples of the same cancers and 8 normal colorectal
epithelium tissues were obtained from surgically resected
specimens. None of the adenomas contained a cancerous
component. Samples were stored in RNAlater (Qiagen,
Valencia, CA) at -20°C after sampling until RNA extraction.
This study was approved by the Institutional Review Board
of Osaka University and Minoh City Hospital, and informed
consent was obtained from all patients.

RNA extraction. Total RNA was extracted from biopsy samples
using an RNeasy kit (Qiagen). The average volume of extracted
total RNA from one biopsy was 21.1 g in cancers and 22.6 ug
in adenomas. From bulky samples, total RNA was extracted
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using Trizol reagent (Invitrogen, Carlsbad, CA) and cleaned
using the RNeasy kit. The quality of extracted total RNA was
checked by 0.8% agarose-gel electrophoresis and a LabChip
kit (Agilent Technologies, Palo Alto, CA), and the quantity
was determined with a spectrophotometer. The total RNA
solution was stored at -80°C until use.

Hybridization to ¢cDNA microarray. We used cDNA micro-
arrays containing 4608 clones which were derived from 30,000
clones expressed in CRC tissues (10,16,22). The Pearson's
correlation coefficient of the data from replicated samples
using our microarrays was 0.95. Gene expression data were
obtained using a previously described method (10), with
some improvements. As a standard normal control reference,
a mixture of total RNA extracted from 40 normal colorectal
epithelia was used. Labeled ¢cDNA targets for hybridization
were synthesized by reverse transcription from standard- and
sample-total RNA respectively, with the indirect labeling
method.

For each reverse transcription, 12 pg of total RNA was
mixed with 1 pg of oligo-dT primer (Invitrogen) in a total
volume of 15.5 pl, heated to 70°C for 10 min and cooled for
5 min. The mixture consisted of 6 u1 of 5X first strand buffer,
3 ulof 0.1 M DTT, 3 ul of nucleotide cocktail (5 mM each
dATP, dCTP, and dGTP, 3 mM dTTP and 2 mM aminoallyl-
dUTP) and 0.5 u1 of 40 U/u1 RNase inhibitor was added. After
incubation for 2 min at 42°C, 2 ul of 200 U/ul Superscript 11
reverse transcriptase (Invitrogen) was added. After incubation
for 1 h at 42°C, 3.3 ul of 0.5 M EDTA was added and the
RNA strand was degraded with 3.3 pl of 2 N NaOH and
incubation at 70°C for 20 min. The mixture was neutralized
with 3.3 pul of 2 N HCL and 60 pl of distilled water. This
c¢DNA was purified using a QIAquick kit (Qiagen) and dried
cDNA was dissolved in 9 pl of 0.2 M NaHCO;-Na,CO,
(pH 9.0). Cy-dye solution (1 1) (Amersham, Piscataway, NJ),
Cy3 for the standard target, and Cy5 for the tested target,
were added and incubated under shade at room temperature
for 1 h, respectively. After purification using Micro Bio-Spin
Columns P-30 Tris (Bio-Rad, Hercules, CA), the separately
synthesized Cy3- and CyS-labeled targets were combined and
purified using Microcon YM-30 (Millipore, Billerica, MA),
concentrated to a volume of 16.5 ul. To the concentrated
target, 3.5 ul of human COT-1 DNA (Invitrogen), 7 ul of
20X SSC, 7 ul of 20X Denhart's solution, and 1 ul of 10%
SDS were added. The 35 pl of target mixture was denatured
by heating for 2 min at 95°C and cooled on ice. After the
incubation at 50°C. the target was placed on the array. The
array was incubated at 50°C for 14 h in a humid chamber.
After hybridization, the slides were washed in 2X SSC with
0.1% SDS for 10 min, 0.1X SSC with 0.1% SDS for 10 min,
and 0.1X SSC for 5 min at 30°C.

Scan and dara processing. The array was scanned with
ScanArray Lite (Perkin-Elmer, Wellesley, MA). The images
were analyzed with QuantArray software (GSI Lumonics,
Billerica, MA), converting signal intensities of each spot
into numerical data. Data was processed after background
subtraction, as described previously (10,16,22). Cy5/Cy3
ratios were log-transformed, and the global normalization
was performed. Genes with >15% missing values in each
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group of cancers and adenomas were excluded from further
analysis.

Statistical analysis. First, gene expression profiles of 20
cancer biopsies and 8 normal epithelia were compared.
Hierarchical clustering analysis (HCA) was performed with
the software GeneMaths version 2.0 (Applied Maths, Inc.,
Austin, TX) using all 1966 genes after data processing.
Pearson's correlation was used as the similarity coefficient
and the unweighted pair group method using arithmetic
average as the clustering algorithm. In HCA, similarity in the
expression pattern of paired biopsies from the same cancer
was compared with those from other cancers, to define the
difference between intra- and inter-tumor heterogeneity of
profiles in cancers. Statistical significance of the difference
was determined using t-test. To verify the validity of the list
of differentially expressed genes involved in colorectal
carcinogenesis using biopsy samples, examined genes in
cancer biopsies and normal epithelia were ranked according
to the signal-to-noise ratio (SNR) (5) and they were compared
with previous reports using tissue samples. The p-value of
SNR was calculated by performing the random permutation
test 1,000 times (5).

Next, using 20 cancer biopsies and 20 adenoma biopsies,
the prediction of malignancy in colorectal tumors by their gene
expression profiles was tested. Genes differentially expressed
in cancer and adenoma biopsies were ranked according to SNR,
and differential diagnosis was performed using the weighted-
votes method (5). The prediction accuracy was determined
with the leave-one-out cross validation (5). Positive prediction
strength was judged to be a cancer and negative to be an
adenoma. Using the gene set with the highest accuracy, HCA
was performed to identify the difference between the intra-
and the inter-tumor heterogeneity of the profiles in cancers
and adenomas.

Immunohistochemical staining. Immunohistochemical staining
(IHC) was performed to investigate the translation of mRNA
of differentially expressed genes to each coding protein and
to examine the intra-tumor heterogeneity of expression patterns
in cancers at the protein level. Among differentially expressed
genes between cancer biopsies and normal epithelia in our
transcriptional analyses, 7 genes whose antibodies were
commercially available were selected. Buffered formalin-
fixed (10%), paraffin-embedded sections were prepared
from 10 surgically resected cancers, whose biopsy specimens
were included in the microarray analyses. The streptavidin-
biotin immunoperoxidase complex method (27) was used for
IHC. Primary antibodies used were as follows; polyclonal
antibody (pAb) to human peroxiredoxin 1 (PRDXI, Alexis
Biochemicals, Lausen, Switzerland), pAb to high-mobility
group box 1 (HMGB1, Santa Cruz Biotechnology, Santa
Cruz, CA), pAb to DEK oncogene (DEK, Santa Cruz
Biotechnology), pAb to poly(A) binding protein, cytoplasmic
1 (PABPCI, Santa Cruz Biotechnology), monoclonal antibody
(mAb) to heat shock 60-kDa protein 1 (HSPD1, Sigma
Aldrich, St. Louis, MO), mAb to nucleolin (NCL, Santa Cruz
Biotechnology) and mAb to carbonic anhydrase II (CA2,
Rockland, Gilbertsville, PA). Sections for negative control
were tested by using normal mouse serum instead of primary
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Figure | Hierarchical clustering analysis using full genes. Samples consisted of cancer biopsies (n=20: 10 pairs) and normal epithelia (n=8). Pearson'’s
correlation was used as the similarity coefficient and the unweighted pair group method using the arithmetic average as the clustering algorithm. Red indicates
overexpression, and green indicates underexpression. The respective paired biopsies from different areas of the same tumors are joined together.

antibody. Tissue sections of thyroid adenoma (for PRDX1),
poorly differentiated gastric adenocarcinoma (for HMG1 and
DEK), uterine cervical carcinoma (for HSPD1 and NCL),
normal testis (for PABPC1) and normal colon (for CA2) were
prepared as positive controls according to the recommendations
of the manufacturer and previous publications on IHC. All
slides were evaluated by a pathologist who was blinded to
the microarray data. For each immunohistochemical analysis,
the mean intensity in epithelial or tumor cells was evaluated
in comparison with the positive controls as follows: weak, 1*;
moderate, 2*; and strong, 3*.

Results

Intra-tumor heterogeneity in colorectal cancers. Comparison
of gene expression profiles between cancers and normal
epithelia by HCA showed clear separation of the 20 cancer
biopsies from the 8 normal tissues using all genes (Fig. 1).
Moreover, the respective paired biopsies from different areas
of the same cancers were joined together. Pearson's correlation
coefficients of paired biopsies from the same cancers (mean,

0.83; SD, 0.08) were significantly greater than those of
unpaired biopsies from other cancers (mean, 0.58; SD, 0.12;
p<0.0001). Pearson's correlation coefficients between biopsies
and their parent surgical bulky samples (mean, 0.60; SD,
0.13) were significantly greater than those between biopsies
and surgical bulky samples from other cancers (mean, 0.37;
SD, 0.16; p<0.0001).

Differentially expressed genes in cancer biopsies. Differentially
expressed genes in cancer biopsies and normal epithelia were
ranked according to SNR. Among them, 692 up-regulated
and 219 down-regulated genes in cancer biopsies had SNR
(p<0.001). The top 20 up-regulated and 20 down-regulated
genes, excluding 4 down-regulated genes with no definition,
are listed in Table I1. PABPC1 and HSPD1 in the up-regulated
genes and CA2, carboxylesterase 2 (CES2) and one EST in
the down-regulated genes in cancer biopsies were also included
in differentially expressed genes involved in colorectal
carcinogenesis in our previous reports (10,16). Nine of the 40
differentially expressed genes were reported previously with
respect to colorectal carcinogenesis with DNA microarray
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