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ABSTRACT

Freguent microsatellite instability MSI (MSI-H) occurring in human
tumors is characterized by defective DNA mismatch repair and unique
clinical features. However, infrequent MSI (MSI-L) has not been attrib-
utable to any other defined molecular pathway, and its existence as a
biologically distinct category has been challenged. Moreover, the global
molecular phenotypes (GM Ps) underlying MSI-H, MSI-L, or microsatel-
lite-stable (MSS) tumors have never been evaluated. To evaluate the
impact of MS| status on GMP and to determine the importance of M S|
relative to other molecular and clinical features, cDNA microarray-
derived data from 41 colon cancers were interpreted using principal
componentsanalysis. Theclinically relevant principal component with the
greatest impact on GMP was component 3, which distinguished M SI-H
from non-MSI-H (i.e.,, MSI-L and microsatellite stable) tumors and was
designated the MSI-H separator. Notably, MSI-L cancers were also
clearly distinguished from non-M SI-L tumors by another principle com-
ponent, component 10 (the “MSI-L separator”). This second finding
validatesthe existence of M SI-L tumorsasa distinct molecular phenotypic
category. Thus, both components 3 and 10 reflected different aspects of
M SI and helped to establish principal components analysis as a useful tool
to identify and characterize distinct biological features of human malig-
nancy.

INTRODUCTION

MSI-H,* due to defective DNA MMR, identifies a unique group of
human cancers with distinct clinicopathological features. Ten to 15%
of colorectal cancers exhibit MSI-H and are reported to have unique
clinical characteristics, including poor differentiation, severe inflam-
matory cell infiltration, proximal anatomic location, a favorable re-
sponse to chemotherapy, and agood prognosisrelative to M SS tumors
(1-6). Disruption of the DNA MMR system in sporadic MSI-H
cancers is most often caused by somatic promoter methylation of the
MMR gene MLH1 (7-10), whereas germ-line mutation in the MMR
genes MLH1 or MSH2 is the most common cause of MS| in the
familial colon cancer syndrome hereditary nonpolyposis colon cancer
(HNPCC; Refs. 11-13). The carcinogenic pathway underlying MSI-H
cancers (the MSI pathway) is considered distinct from the chromo-
somal instability pathway underlying non-MSI-H cancers (14, 15).
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For example, in contrast to non-MSI-H cancers, aneuploidy and
mutations of RAS and TP53 are rare in MSI-H cancers (16-18).
However, comprehensive molecular phenotypes underlying the MSI
pathway have not yet been fully clarified.

Non-MSI-H cancers are currently classified into two subcategories:
MSS cancers and cancers with low-level MSI (MSI-L cancers). How-
ever, MSI-L cancers lack the definitive molecular and biological
features observed in MSI-H cancers; therefore, the current definition
of MSI-L cancers is based purely on MSI frequency (19). Thus,
opinions differ regarding the existence of the MSI-L category because
both the interpretations of low MSI frequency and the cutoff value for
this low frequency are poorly defined (20). Nevertheless, some re-
searchers consider MSI-L tumors to be a biologically distinct cate-
gory, with unique molecular features (16, 21). For example, loss of
expression of the MGMT gene has been suggested as a potential
underlying molecular mechanism for MSI-L tumors (22). However,
most non-MSI-H cancers exhibit extremely low frequencies of MSI
when alarge number of microsatellite loci are tested (23, 24). It isnot
clear how many of these non-MSI-H cancers actually belong in the
MSI-L category, and how many are actually MSS. In addition, several
studies have failed to revea significant differences in clinicopatho-
logical features between MSS and MSI-L cancers (17, 25).

Data derived from cDNA microarrays can be analyzed using two
sets of bioinformatics approaches: unsupervised and supervised.
When microarray data are analyzed using unsupervised techniques,
these data can define new natural biological categories, independent
of biases introduced by preexisting classifications (such as MSI-H,
MSI-L, and MSS). To date, the most widely used unsupervised
analytic method has been hierarchical clustering (26, 27). Although
results from cluster analysis are easily interpreted, this method often
failsto distinguish between subtle subcategories of lesions or between
relevant and irrelevant gene expression data (28). PCA is a different
unsupervised approach. In contrast to clustering, PCA can discover
multiple layers of meaning within microarray data. PCA searches for
key variables or components in amultidimensional data set to explain
differences among observations (29). The components extracted are
independent, allowing for mining of data in a layer-oriented fashion.
Thus, after one particular component has been identified and analyzed
for its possible significance, it is possible to isolate its influence and
move to the next component or layer of information (30). In addition,
PCA provides a quantitative measure of the fraction of sample vari-
ance generated by each component to the variance in the whole data
set.

Our goalsin the current study were to evaluate the influence of MSI
status and other clinicopathological characteristics on global molec-
ular phenotypic data and to test whether these data support the
existence of MSI-L as a distinct category of tumors. Therefore, we
performed cDNA microarray analyses of 41 primary colorectal can-
cers and applied the unsupervised technique, PCA, to reveal whether
any natural subgroupings of these tumors corresponded to their MSI
status.
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Table1 Correlations between PCA components and tumor characteristics

This table displays the p-values of each correlation between a component (leftmost column) and a tumor characteristic (MSI status, clinical characteristics, and experimental batch,
top row). Results are shown for the thirteen components with the highest impact on global molecular phenotype, each accounting for more than 2% of total data variability (rightmost
column). Student t-test and one-way ANOVA test were used as statistical tests for characteristics with two subgroups and with three or more subgroups, respectively. For each tumor
characteristic, the method of grouping tumors and the number of cases in the relevant group is shown (second row, Grouping for p-value calculation; H, MSI-H; L, MSI-L; S, MSS;
MD, moderately differentiated; MP, moderately to poorly differentiated; PD, poorly differentiated). One of the tumors lacked the information for differentiation, location, Dukes stage,
and lymph node metastasis and was excluded from analyses regarding these characteristics. Additional six tumors lacked the lymph node metastasis information and were exluded from
analyses of this characteristic. The percent variance (i.e., the fractional influence on gene expression profile) exerted by each component is shown in the rightmost column. Significant
component-clinical trait correlations, i.e., those with p-values less than 0.01 and 0.05, are indicated as described in the footnote. Components 3 and 10 correlated significantly with MSI
status, while component 6 correlated significantly with Dukes stage and lymph node metastasis.

Dukes Lymph node Age Experimental
Categories MSI status Differentiation Location  stage metastasis ~ Gender Correlation P batch % variance
A Q3
H (12) MD (26) B (22) A (13)

Grouping for L (14) H (12) L (14) MP (7) MD (26) L(19) C@11 + (12) M (21) B (13)
Pcaculation S(15) L+S(29) H+S(27) PD(7) MP+PD(14 R(21) D(4) - (22 F (20) C (15)
Component 1 0.6294 0.0252% 0.0073° 0.1576 0.0156*  0.6777 —0.079 0.6265 <0.0001° 16.16
Component 2 0.4568 0.7963 0.1678  0.5870 0.1489 0.2743 0.173 0.2813 <0.0001° 12.82
Component 3 <0.0001°  <0.0001° 0.0230* 0.0014° 0.0003° 0.0043° 0.2604 0.7306 0.8521 0.181 0.2582 0.3700 7.04
Component 4 0.3592 0.5451 0.7885  0.7179 0.4442 0.0459* —0.023 0.8855 0.0886 6.24
Component 5 0.6452 0.2720 0.0110* 0.8807 0.7486 0.1256 0.192 0.2300 0.6062 453
Component 6 0.0999 0.8194 0.4847  0.0036° 0.0016° 0.6925 0.075 0.6421 0.6630 3.87
Component 7 0.6287 0.0346% 0.5441  0.4729 0.1545 0.3083 0.108 0.5023 0.8302 3.27
Component 8 0.8420 0.7058 0.7504  0.6875 0.1692 0.1685 0.182 0.2570 0.9580 2.87
Component 9 0.9553 0.3044 0.7052  0.8521 0.9109 0.3980 —0.162 0.3127 0.8896 2.67
Component 10~ 0.0122* 0.1025 0.0030°  0.1652 0.9703  0.6304 0.9000 0.5004 0.380 0.0137% 0.9862 249
Component 11~ 0.9630 0.6285 0.6607  0.3386 0.1154 0.2448 0.133 0.4086 0.9393 2.33
Component 12 0.7855 0.7111 0.5458  0.6603 0.3861 05385 —0.114 0.4788 0.9904 211
Component 13 0.5090 0.8655 0.9362 0.5577 0.8063 0.8605 —0.290 0.0648 0.9380 2.02

2P < 0.05.

bp <001

The current study was designed to assess the impact of MSI on
GMP and to rank this impact relative to other clinicopathological
features. This study suggests that MSI-H exerts a dominant influence
on GMP. Furthermore, MSI-L per se has not been attributable to
defective MMR, nor has it been defined on amolecular basis or firmly
established as a distinct tumor category. The global molecular phe-
notypic data described below support the existence of MSI-L tumors
as a distinct biologic category.

MATERIALS AND METHODS
Colorectal Tumors and M S| Status Testing

Forty-one primary colorectal cancers from our tissue archives were studied,
including 12 MSI-H, 14 MSI-L, and 15 MSS colon cancer specimens. Primary
colorectal tumor and their corresponding normal colorectal mucosa specimens
were obtained at surgery at the University of Maryland Medical System and
Royal Brisbane Hospital. Genomic DNAs and total RNAs were extracted from
fresh frozen specimens following the methods described previously (31, 32).
Classification of MS| status was based on 11 microsatellite markers (BAT25,
BAT26, BAT40, D2S123, D5S346, D10 S197, D17S250, D18S34, D18S55,
MYBT22, MYCL, ACTC, and BAT34C4) described in a National Cancer
Institute Workshop in 1998 (19). BAT25, BAT26, and BAT40 were mononu-
cleotide repeats, whereas D2S123, D5S346, D10S197, D17S250, D18S34,
D18S55, MYBT22, ACTC, and BAT34C4 were dinucleotide repeats. MY CL
was a tetranucleotide repeat. Tumors completely lacking MSI were labeled
MSS, those with MSI in >30% of informative loci were designated MSI-H,
and those with M S| in at least 1 but <30% of informative loci were designated
MSI-L. All MSI-H tumors showed M Sl in at |east one mononucleotide marker,
whereas al MSI-L tumors showed MSI only in dinucleotide or tetranucleotide
repeat markers. Primer sequences for MS| status assessment are available on
line.> A detailed PCR protocol has been described elsewhere (33).

cDNA microarrays

Preparation of theaRNA Probe. aRNA was amplified from 20-50 p.g of
total RNA with a T7-based protocol (34, 35). Labeling was performed on 3-6
ug of aRNA by incorporating Cy3- or Cy5-labeled dCTP using random

S Internet address: http://microarray.umaryland.edu/manuscripts/Mori CAN/.

primers and Superscript reverse transcriptase (28). The reference probe was
prepared from an equimolar mixture containing aRNAs from the eight human
malignant cell lines: HCT116; HT29; CaCo-2; HCT15 (colon cancer);
HTB114 (leukemia); MCF-7 (breast cancer); HeL a (cervical cancer); and AGS
(gastric cancer). These cell lines were included in the reference probe accord-
ing to our previous microarray work (36—39).

Microarray Preparation and Hybridization. Microarray slides contain-
ing 8064 sequence-verified human cDNA clones were prepared according to a
previously described protocol (28). The Lawrence Livermore Laboratories
cDNA library was used as a clone source (Invitrogen, Carlsbad, CA). All
clones were independently sequence verified in our own laboratory. Microar-
rays were cohybridized to a Cy5-labeled specimen aRNA and to Cy3-labeled
reference probe (28) at 65°C overnight. After hybridization, each slide was
scanned using a GenePix 4000A dua laser slide scanning system (Axon
Instruments, Union City, CA).

Data Analysis

Preprocessing Gene Selection. We included in analysis only clones with
expression information for at least 96% of the tumors (i.e., clones lacking
information in only two or fewer tumors). This minimal information threshold
was surpassed by 6242 of 8064 printed clones.

Data Preprocessing. Datapoints representing gene expression ratios were
log transformed. We then normalized data to exclude intensity-dependent bias.
In this fashion, local distortions in signa and background intensity within
different regions of a slide were overcome. We based this procedure on the
assumption that Cy5/Cya3 ratios should not depend on spot intensity. This type
of data distortion was removed by arobust scatterplot smoothing method (40).
Using SigmaPlot version 5 (SPSS, San Rafael, CA), we calculated the Lowess
fitting curve using a fitting parameter of 40%.

Hierarchical Agglomerative Clustering. Data imported from GenePix
was manipulated and clustered, using established algorithms implemented in
the software program Cluster (26, 41). Average linkage clustering with cen-
tered correlation was used. TreeView software (26, 41) generated visua
representations of clusters.

PCA. All PCA-related calculations were performed in MatLab (Math-
Works, Inc., Natick, MA). The data, filtered as described above, were input
into MatLab and normalized so that for each specimen, the mean gene
expression was 0 and the SD was 1. The number of independent dimensionsin
PCA is equal to the number of specimens minus one. Thus, because there were
41 specimens in our study, 40 independent components were derived. The
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Fig. 1. Scatter plots of output values in components 3 and 10 versus MSI status. Informative displays of differences in output values among different MSI groups for components
3 and 10. a, one-dimensional scatter plot of discriminative power of component 3. This one-dimensional scatter plot shows that output values for MSI-H tumors were significantly
greater than those for MSI-L and M SS tumors (left three clusters), as well as those for non-MSI-H tumors (right two clusters). Ps were calculated by student t test. b, one-dimensional
scatter plot of discriminative power of component 10. Output values for MSI-L tumors were significantly greater than those for MSS or MSI-H tumors (left three clusters), as well
as those for non-MSI-L tumors (right two clusters). Ps were calculated by student t test. c, two-dimensional scatter plot of values for components 3 (Y axis) and 10 (X axis). Violet
dots represent MSI-H tumors, yellow dots MSI-L tumors, and blue dots MSS tumors. This display suggests that MSI-H, MSI-L, and MSS tumors form three distinct clusters.

relative contributions of each component to the total variance in data were
calculated, and components were ranked in decreasing order of their relative
contributions. Beginning with the first ranked component, attempts were made
to correlate each component with known clinicopathological data. Experimen-
tal batch was defined as the source of colon tumor RNASs (Australian versus
American), and the dates on which RNA extraction and cDNA synthesis were
performed (December 2001 versus June 2002). The raw data from PCA
analysis are also available in a supplemental table on line.®

Assessment of Robustness of PCA Results. We used a permutation-based
procedure to assess the percentage chances of randomly identifying compo-
nents segregating the MSI-H and MSI-L categories. Nine hundred ninety-nine
permutations consisted of random assignments of MS| status labels (MSI-H,
MSI-L, or MSI-S) to the 41 tumors. In each permutation, Ps were calculated
for differences between output values of each component among the three
tumor groups (one-way ANOVA). Throughout this permutation procedure, the
output value of each component for each tumor was fixed to the value observed
in our actual microarray experiments. The number of tumors assigned to each
MSI status label was fixed to the true figure (12 for MSI-H, 14 for MSI-L, and
15 for MSS groups). Next, in each permutation, 40 Ps calculated for each of
the 40 components, and the rank and absolute value of each P were recorded.
After all 999 permutations, Ps were grouped according to their ranks and
compared with Ps obtained in the actual microarray-PCA analysis. One-way
ANOVA calculations were performed in Statistica (StatSoft, Tulsa, OK).

© Internet address: http://microarray.umaryland.edu/manuscripts/Mori CAN/.

RESULTS

The Impact of MS| Status and Clinical Features on GMP.
Forty-one primary colon cancers were analyzed using cDNA microar-
rays. To uncover natural groupings based on global gene expression
data, unsupervised similarity analyses were used. The first method,
hierarchical agglomerative clustering, grouped specimens according
to their experimental batch, rather than by molecular or clinical traits
(data not shown). Next, we applied PCA, which, in contrast to
hierarchical clustering, permits sample classification in multiple in-
dependent dimensions (components).

Correlations between each component and molecular or clinical
features were tested for statistical significance (Table 1). Component
3 correlated significantly with MS| status (MSI-H, MSI-L, or MSI-S:
P < 0.0001, oneway ANOVA test; Table 1). This component,
designated the MSI-H separator, significantly distinguished MSI-H
tumors from non-MSI-H tumors in a two-way comparison
(P < 0.0001, student t test; Table 1 and Fig. 1a). Of al components
correlating with clinical or molecular features, the MSI-H separator
had the highest impact, accounting for 7% of total data variability
(Table 1).

Notably, component 10 also correlated significantly with MSI
status (P = 0.0122, one-way ANOVA test; Table 1), accounting for
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Table2 A list of genes with the highest loading values in components 3 and 10
This table displays genes with the twenty highest loading factor values in components 3 and 10. Genes mentioned in the Results and the Discussion sections of the text are indicated
by bold letters. A positive loading value indicates that for a given component, there is a positive correlation between expression of this gene and the output (e.g., MSI-H, component
3). A negative loading value indicates that there is a negative correlation between expression of this gene and the output for a given component.

Component 3 Component 10
Loading Accession no. Gene name Loading Accession no. Gene name
0.0838 NM_004335 Bone marrow stromal cell antigen 2 0.0993 NM_005564 Lipocalin 2
0.0774 NM_002909 Regenerating islet-derived 1 « 0.0881 NM_001511 GROL1 oncogene
0.0741 NM_000582 Osteopontin 0.0804 NM_002423 Matrix metalloproteinase 7
0.0734 NM_002456 Mucin 1 0.0725 AC005020 Cytochrome P450, subfamily I11A
0.0674 XM_039877 Mucin 5, subtype B 0.0684 NM_006398 Ubiquitin D
0.0600 NM_004184 Tryptophanyl-tRNA synthetase 0.0642 NM_014220 Transmembrane 4 superfamily member 1
0.0599 NM_006408 Anterior gradient 2 homologue 0.0631 NM_000716 Complement component 4 binding protein, g
0.0559 M10942 Metallothionein 1E 0.0616 NM_005629 Solute carrier family 6, member 8
0.0548 NM_002422 Matrix metalloproteinase 3 0.0569 NM_003516 H2A histone family, member O
0.0527 NM_004223 Ubiquitin-conjugating enzyme E2L 6 0.0560 NM_004987 LIM and senescent cell antigen-like domains 1
—0.0519 NM_003739 3-alpha hydroxysteroid dehydrogenase, type I 0.0549 NM_001165 Baculoviral IAP repeat-containing 3
—0.0535 NM_013230 CD24 antigen —0.0549 NM_005410 Selenoprotein P, plasma, 1
—0.0564 NM_001482 Glycine amidinotransferase —0.0571 NM_002125 MHC class I, DR B 5
—0.0584 NM_003883 Histone deacetylase 3 —0.0607 NA EST
—0.0631 NM_006418 Differentially expressed in hematopoietic lineages —0.0627 NM_000597 Insulin-like growth factor binding protein 2
—0.0646 NM_007127 Villin 1 —0.0649 NM_001846 Collagen, type IV, « 2
—0.0669 NM_003944 Selenium binding protein 1 —0.0678 NM_000849 Glutathione Stransferase M3
—0.0672 NM_138611 Cervical cancer oncogene 4 —0.0733 NM_004617 Transmembrane 4 superfamily member 4
—0.0733 NM_005518 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 —0.0948 NM_004413 Dipeptidase 1 (renal)
—0.0857 NM_001443 Fatty acid binding protein 1, liver —0.1154 NM_002909 Regenerating islet-derived 1 «

2.5% of total data variability. This component, designated the MSI-L
separator, differentiated MSI-L tumors from MSI-H and M SS tumors
(P = 0.0030, student t test; Table 1 and Fig. 1b). When components
3 and 10 were combined, the samples tended to form three main
groups, according to their MS| status (Fig. 1c).

Differentiation grade and anatomic location, which not surprisingly
correlated in turn with MSI status (see below), also correlated with
component 3 (P = 0.0014 and P = 0.0043, student t test, respectively;
Table 1). Components 1 and 2 correlated with experimental batch, in
agreement with hierarchical clustering results (data not shown; see
above). Finaly, a significant association was also observed between
component 6 and clinical stage (P = 0.0036, one-way ANOVA test;
Table 1), aswell aslymph node metastasis (P = 0.0016, student t test;
Table 1).

Loading value is the number assigned by PCA to represent the
influence, within a particular component, of a given gene relative to
other genes. Thus, the greater the relative impact of a given gene on
a particular component, the greater its loading value (which can be
either positive or negative). Genes with the greatest loading values in
components 3 and 10 arelisted in Table 2. Several of these genes have
known links to cancer (see “Discussion”). Numerous additional genes
previously associated with MSI-H, MSI-L, or MSS aso possessed
high loading values in components 3 and 10 (Refs. 10, 18, 22, 42, 43;
Table 3).

Statistical Validation of Correlations between Principal Com-
ponents and M S| Status. To test the robustness of our analysis, we
applied a permutation-based procedure that assessed the chances of
randomly identifying components segregating the MSI-H and MSI-L

categories (Table 4). Permutation analysis is one of several methods
useful for the confirmation of statistical correlations. Additional ap-
proaches include jackknifing and use of an independent test set (44).
Each permutation randomly shuffled the MSI-H, MSI-L, and MSI-S
labels for each tumor, then calculated the P of the one-way ANOVA
test for the ability of each principal component to separate tumors
according to MSI status. Throughout this permutation procedure, the
output value at each component for each tumor and the number of
tumors assigned to each MS| status label were fixed to the value
observed in our actual microarray experiments. Forty Ps, each corre-
sponding to one of the 40 principal components, were then ranked and
the lowest P (here referred to as the first-ranked P) was recorded. The
above shuffling-ranking procedure was repeated for 999 permutations.
In this way, we derived the 999 lowest Ps (the first-ranked Ps) that
were obtained purely by chance. Similar procedures were performed
on the second-ranked to fortieth-ranked Ps, respectively. A false-
finding rate was derived by adding the number of permutations in
which the P of a given component ranked higher than it did in the
actual data. For example, for component 3, the false-finding rate was
only 0.003: i.e., only 3 among 1000 permutations (999 permutations
plus the correct MSI labeling) exhibited smaller first-ranked Ps rela-
tive to the first-ranked P for the truly labeled microarray data. Simi-
larly, second-ranked Ps lower than that obtained for component 10
occurred in only 64 among the 1000 calculations. Thus, the false-
finding rate for component 10 was 0.064.

Correlations between M S| Status and Clinical and Histological
Characteristics. MSI status also correlated with histological differ-
entiation and anatomic location (P < 0.0001 and P = 0.0035, respec-

Table 3 Loading values for genes known or suspected to be related to MS status
Loading values in components 3 and 10 are shown for genes previously reported to have altered expression patterns within the three MSI subtypes. Alterations that have been

previously reported in these genes are listed under the “Mechanism of Alteration” column.

Loading Value
Accession no. Gene Component 3 Component 10 Mechanism of ateration Frequency
NM_000546 TP53 0.0108 0.0246 Mutation MSS, MSI-L > MSI-H
NM_004985 K-RAS* —0.0043 0.0015 Mutation MSS, MSI-L > MSI-H
NM_004324 BAX —0.0152 0.0157 Mutation (causes low mRNA expression) MSI-H > MSI-L, MSS
NM_000249 MLH1 —0.0365 —0.0128 Promoter hypermethylation MSI-H > MSI-L, MSS
NM_000251 MSH2 —0.0009 0.0104 Mutation MSI-H > MSI-L, MSS
NM_002412 MGMT —0.0301 —0.0114 Promoter hypermethylation MSI-L > MSS

2 Average of data from two separate clones on the microarray.
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Table 4 Robustness of the correlation between MS status and components 3 and 10 studied by a permutation-based significance testing

This table represents a summary of the permutation-based calculation of the chances of randomly identifying components segregating tumors according to their MSI status. Nine
hundred and ninety-nine permutations consisted of random assignments of MSI status labels (MSI-H, -L, or -S) to the 41 specimens. In each permutation, Ps among the three tumor
MSI status groups were calculated (one-way ANOVA), and the 40 components were ranked by P from lowest to highest. The false finding rate represents the probability of obtaining,
purely by chance, the same or a higher level of significance for the correlation between tumor MSI status and PCA component. Rank: the rank of a given P among 40 Ps at each
permutated or actual MSI-status labeling. The lower the number, the lower the P; false finding rate: number of false finding incidents among the 999 permutations that exhibited Ps

lower than that of the actual microarray experiment/1000.

Results of the actual
microarray experiment

Results from 999 permutations

No. of False finding
Rank Component P Median P Minimum P Maximum P 5-percentile P 95-percentile P false finding rate
1 3 0.00005 0.01598 0.00003 0.10945 0.00138 0.05330 3 0.003
2 10 0.01218 0.03969 0.00167 0.13045 0.01073 0.08217 64 0.064
3 23 0.08089 0.06630 0.00756 0.16726 0.02912 0.11460 702 0.702
4 6 0.09994 0.09099 0.01486 0.21143 0.04777 0.14443 625 0.625
5 20 0.11606 0.11617 0.02886 0.22414 0.06739 0.17140 497 0.497

tively; Kruskal-Wallistest, Table5). Specifically, MSI-H tumors were
predominantly poorly differentiated and arose more often in the
proximal colon, whereas MSI-L and MSS tumors were moderately
differentiated and originated equally frequently in the proximal and
distal colon (P < 0.0001, Mann-Whitney test; P = 0.0015, Fisher's
exact test, respectively; Table 5). These findings are consistent with
previous reports (1, 2). Conversely, neither age, gender, nor clinical
stage differed significantly among the three MSI status groups
(P = 04152, P = 0.1656 and P = 0.6212, respectively; Kruskal-
Wallis test; Table 5). Because one of our goals was to define MS|-L
tumors, we also studied their association with clinical and histological
features. Not surprisingly, there was no significant difference between
MSI-L and MSS groups in terms of age (P = 0.1754, Mann-Whitney
test), gender (P = 0.1394, Fisher's test), clinical stage (P = 0.9355,
Mann-Whitney test), differentiation (P = 0.9397 in Mann-Whitney
test), or anatomical location (P = 0.4328 in Fisher's test; Table 5).
This finding is in agreement with previous reports regarding the
clinical features of these tumors (20).

DISCUSSION

The aim of the current study was to assess the impact of microsat-
ellite instability status on the GMP of colorectal tumors. In this
context, MSI-H colon cancers were revealed by PCA to be distinct
from non-MSI-H cancers. This MSI-H separator component exerted a
more dominant impact than did any other clinicopathological feature
on the GMP of these tumors. These findings support the hypothesis
that MSI-H cancers comprise a distinct biologic subgroup (1-6).

In contrast to MSI-H tumors, the MSI-L group of tumors has
eluded definition (16, 21). In this context, the current study showed
that MSI-L tumors could be distinguished from MSS and MSI-H
tumors based on GMP. Moreover, the impact of MSI-L was more
subtle than that of MSI-H on molecular phenotype, in agreement

with known clinical similarities between MSI-L and MSS cancers
(17, 25).

Interestingly, severa genes identified on the basis of high loading
valuesin the MSI-H and M SI-L separator components (components 3
and 10, respectively) have been implicated in the biology of MSI-H
and MSI-L tumors. For example, relatively high loading values of
+0.0734 and +0.0674, respectively, were observed for the cell sur-
face mucin glycoproteins mucin 1 and mucin 5, subtype B in compo-
nent 3 (Table 2), consistent with frequent overexpression of these
genes in MSI-H cancers (45). Similarly, hMLH1 showed a high
negative loading value in component 3 (Table 3), in agreement with
this gene’ s silencing in sporadic M SI-H tumors causing dysfunction in
the MMR system (7). BAX, an apoptotic regulatory gene, also exerted
a negative loading value in component 3 (Table 3), supporting pre-
vious reports of its decreased expression in MSI-H tumors (46). The
loading value of the DNA repair gene MGMT in component 10
(the MSI-L separator) was negative, consistent with decreased
expression of MGMT in MSI-L tumors due to promoter hyper-
methylation (22). Furthermore, there were potentially relevant genes
with relatively high loading values that had not been previously
explored in relation to MSI status. This group of genes included the
histone deacetylase gene HDAC3, involved in transcriptional regula-
tion through histone-DNA interaction (—0.0584 in component 3;
Table 2) and the GRO1 oncogene, a chemokine ligand gene that
stimulates cell proliferation (+0.0881 in component 10; Table 2).
Another potentially relevant gene was selenoprotein P, an extracellu-
lar antioxidant gene (—0.0549 in component 10; Table 2), considering
that oxidative stress, aready implicated in chronic inflammation, has
recently been suggested as a cause of disrupted DNA MMR in MSI-L
tumors (47).

In conclusion, the current data show that M SI-H exerts a dominant
impact on GMP in colorectal cancers. Finally, these findings support

Table5 Summary of clinical features of the colon cancer patients
The clinical features and MS| status of the tumors are shown. There were no significant differences anong MSI-H, -L, and -S tumors in Dukes stage, gender, or age. As expected,
there was a preponderance of right-sided and poorly differentiated tumors in the MSI-H category. NA, not identified; MD, moderately differentiated; MP, moderately to poorly
differentiated; PD, poorly differentiated; SD, standard deviation.

Differentiation Location Dukes stage Gender Age
MSI status MD MP PD NA R L NA A B C D NA Made Femde <50 5059 6069 70-79 =80 Max Min Mean SD
H(n=12) 2 4 6 0 11 1 0 2 6 4 0 0 4 8 1 2 5 1 3 90 36 679 14
L(n=14) 12 1 1 0 6 7 1 0 9 2 3 O 6 8 0 1 5 7 1 88 57 713 76
S(n=15) 12 2 0 1 4 11 0 1 7 5 1 1 11 4 1 4 5 3 2 91 49 66.1 12
P < 0.0001 P = 0.0035 P = 0.6212 P = 0.1656 P = 0.4152

(Kruskal-Wallis)
HversusL + S:
P < 0.0001

(Mann-Whitney)

(Kruskal-Wallis)
HversusL + S
P = 0.0015
(Fisher)

(Kruskal-Wallis) (Kruskal-Wallis) (Kruskal-Wallis)
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the existence of MSI-L tumors as a distinct molecular genetic cate-
gory and demonstrate the need for additional research into their
molecular origins and clinical significance.
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