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Hepatocellular carcinoma (HCC) is a leading cause of death worldwide. Using cDNA microarrays
to characterize patterns of gene expression in HCC, we found consistent differences between the
expression patterns in HCC compared with those seen in nontumor liver tissues. The expression
patterns in HCC were also readily distinguished from those associated with tumors metastatic to
liver. The global gene expression patterns intrinsic to each tumor were sufficiently distinctive that
multiple tumor nodules from the same patient could usually be recognized and distinguished
from all the others in the large sample set on the basis of their gene expression patterns alone. The
distinctive gene expression patterns are characteristic of the tumors and not the patient; the
expression programs seen in clonally independent tumor nodules in the same patient were no
more similar than those in tumors from different patients. Moreover, clonally related tumor
masses that showed distinct expression profiles were also distinguished by genotypic differences.
Some features of the gene expression patterns were associated with specific phenotypic and
genotypic characteristics of the tumors, including growth rate, vascular invasion, and p53 over-

expression.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common liver
malignancy and among the five leading causes of cancer
death in the world. Virtually all HCCs are associated with
chronic hepatitis B virus (HBV) or hepatitis C virus infec-
tions (Beasley, 1988; Hasan et al., 1990), but the molecular
nature of this association is poorly understood. HCC treat-
ment options remain limited. Surgical resection is consid-
ered the only “curative treatment” (Lin ef al., 1987), but
>80% of patients have widespread HCC at the time of
diagnosis and are not candidates for surgical treatment.
Among patients with localized HCC who undergo surgery,
50% suffer a recurrence (Okuda ef al., 1984). Standard clinical
pathological classification of HCC has limited value in pre-
dicting the outcome of treatment. Clearly, molecular mark-
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ers for early and accurate diagnosis and classification of
HCC would address an important medical need.

The phenotypic diversity of cancer is accompanied by a
corresponding diversity in gene expression patterns (Perou
et al., 1999; Alizadeh et al., 2000; Perou et al., 2000; Ross et al.,
2000; Welsh et al., 2001). Herein, we describe a systematic
characterization of gene expression patterns in human liver
cancers. We used c¢cDNA microarrays containing 23,000
clones, representing ~17,400 human genes, to study tumor
and nontumor liver tissues from HCC patients. Our aim was
to characterize the gene expression programs associated
with HCC as a step toward a better understanding of the
molecular pathophysiology, and better methods for detec-
tion, diagnosis, and classification of HCC.

MATERIALS AND METHODS
Tissues and RNA Isolation

All patients participating in this study gave informed consent before
surgery. All tissues were surgically resected, snap frozen in liquid
nitrogen within 0.5 h after the resection, and stored at —80°C. In
most cases, both tumor and adjacent nontumor tissues were col-
lected. A portion of each specimen, ~0.5-1 cm®, was sampled. Each
sample was dissected into three equal slices. One was used for RNA
extraction, one for genomic DNA iolsation, and the other processed
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for histological examination. Each histological slide was indepen-
dently reviewed by two pathologists. Total RNA was extracted with
RNeasy kit (QIAGEN, Valenica, CA), and mRNA was isolated from
total RNA by using FastTrack (Invitrogen, Carlsbad, CA) or Poly-
(A)Pure (Ambion, Austin, TX) mRNA purification kit. mRNA from
cell lines was purified directly with FastTrack (Invitrogen) kit. We
combined mRNA from the following cells, in equal quantities, to
make the reference pool: HepG2, SNU398, SNU1, Jurkat, RPMI, and
CCD-1070SK.

Microarray Procedure

cDNA clones (23,075), representing ~17,400 genes, were mechani-
cally printed onto treated glass microscope slides, as described
previously (Perou et al., 2000) (http://cmgm.stanford.edu/
pbrown/array.html). Approximately 18,700 of the clones were ob-
tained from Research Genetics, and 4,300 clones were obtained
directly from Cancer Genome Anatomy Project (http://www.
ncbinlm.nih.gov/ncicgap/). The hybridizations were performed as
described previously (Alizadeh et al., 2000). A detailed protocol is
available at http://cmgm.stanford.edu/pbrown/protocols/5_
hyb_human.html. In brief, 2 ug of sample mRNA and 2 ug of
reference mRNA were labeled with Cy5-dUTP and Cy3-dUTP (Am-
ersham Biosciences, Piscataway, NJ), respectively, by using Reverse
Transcriptase (Invitrogen) for 2 h at 42°C. The two labeled cDNA
probes were separated from unincorporated nucleotides by filtra-
tion, mixed, and hybridized to microarray at 65°C overnight. After
hybridization, each microarray was washed with 2X SSC, 0.03%SDS
for 5 min at 65°C then with 1X SSC for 5 min and 0.1X SSC for 5
min, both at room temperature. The array was then scanned using
GenePix 4000A microarray scanner (Axon Instruments, Union City,
CA). Array CGH was performed as described previously (Pollack
et al., 1999). The detailed protocol is available at http://cmgm.
stanford.edu/pbrown/protocols/4_genomic.html.

Data Analysis

Primary data collection and analysis were carried out using GenePix
Pro 3.0 (Axon Instruments). Areas of the array with obvious blem-
ishes were manually flagged and excluded from subsequent analy-
sis. The raw data were deposited into Stanford Microarray Database
(Sherlock et al., 2001) at http://genome-www4.stanford.edu/
MicroArray /SMD/index.html. All nonflagged array elements for
which the fluorescent intensity in each channel was >1.5 times the
local background were considered well measured. Genes for which
<75% of measurements across all the samples in this study met this
standard were excluded from further analysis. We selected for
further analysis genes whose expression level differed by at least
threefold, in at least four samples, from their mean expression level
across all samples. We applied a hierarchical clustering algorithm
both to the genes and arrays by using the Pearson r as the measure
of similarity, and average linkage clustering, as described previ-
ously (Eisen et al., 1998). The results were visualized and analyzed
with TreeView (M. Eisen; http:/ /rana.lbl.gov). We used two-sample
Welch t statistics (allowing for unequal variances) to identify genes
that were differentially expressed in two sets of samples. The sta-
tistical significance of the differential expression of any gene was
assessed by computing a p value for each gene, representing the
chance of observing a test statistic at least as large (in absolute
value) as the value actually obtained. No specific parametric form
was assumed for the distribution of the test statistics. To determine
the p value, we used a permutation procedure in which the class
labels of the samples were permuted 500,000 times, and for each
permutation, two-sample # statistics were computed for each gene.
The permutation p value for a particular gene is the proportion of
the permutations (out of 500,000) in which the permuted test statis-
tic exceeds the observed test statistic in absolute values. Any gene
for which this p value was <0.001 was considered to be differen-
tially expressed. The corresponding “per-family type 1 error rate”

1930

(PFER), that is, the expected number of false positives for such a
multiple test procedure is PFER = number of genes X 0.001. Alter-
natively, the Benjamin & Hochberg procedure was applied to con-
trol the “false discovery rate” (FDR), or expected proportion of false
positive among the genes declared differentially expressed.

Immunohistochemistry

Immunohistochemistry was performed as described previously
(Perou et al., 1999). Antibody MY10, for CD34, was used at 1:10
dilution (BD Biosciences, San Jose, CA). Antibody DO-7, for p53,
was used at 1:100 dilution (DAKO, Carpinteria, CA).

Southern Analysis

Genomic DNA was extracted using the DNeasy extraction kit (QIA-
GEN), digested overnight with HindIIl or EcoRI, and resolved by
electrophoresis through a 1% agarose gel. After depurination, de-
naturation, and neutralization, the gel was transferred overnight
with 10X SSC to a nylon Hybond-N" membrane (Applied Biosys-
tems, Foster City, CA). HBV-specific sequences were detected by
hybridization with a polymerase chain reaction-amplified copy of
the complete HBV genome, from blood of a patient with HBV
infection, labeled with fluorescein by random primed labeling (Ap-
plied Biosystems). Detection was performed with anti-fluorescein
antibody conjugated with horseradish peroxidase, followed with
enhanced chemiluminescence development (Applied Biosciences)
and exposure to x-ray film (Eastman Kodak, Rochester, NY).

RESULTS

Gene Expression in HCC and Nontumor Liver
Tissues

We characterized genomic expression patterns in >200 sam-
ples, including 102 primary HCC (from 82 patients), 74
nontumor liver tissues (from 72 patients), seven benign liver
tumor samples (three adenoma and four FNH), 10 meta-
static cancers, and 10 HCC cell lines. The complete data
are available at http://genome-www.stanford.edu/hcc/
Figures/ArrayInformation.htm.

As a first step to organize the results for visual display and
for further analysis, we used a hierarchical clustering algo-
rithm (Eisen et al., 1998) to group the genes, as well as the
samples, on the basis of similarity in their expression pat-
tern. The results for the 3180 genes (represented by 3964
c¢DNAs) with the greatest variations in expression in 82 HCC
and 74 nontumor liver tissues samples are displayed in
Figure 1. To help provide a framework for interpretation of
the expression patterns observed in the clinical samples, we
compared these results with the gene expression patterns in
10 HCC cell lines. The expression data for the cell lines are
displayed to the left of the main panel in Figure 1.

Several features of the gene expression patterns are evi-
dent in Figure 1. First, based solely on their gene expression
patterns, the clinical samples could be divided into two
major clusters, one representing HCC samples, and the
other, with a few exceptions, representing nontumor liver
tissues. Second, expression patterns varied significantly
among the HCC and nontumor liver samples. Third, sam-
ples from HBV-infected, hepatitis C virus-infected, and non-
infected individuals were interspersed in the HCC branch.

Close-up views of clusters of genes whose expression
covaries in this set of samples are shown in Figure 2. One
cluster of genes was highly expressed in HCC samples
compared with nontumor liver tissues. It includes the
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Figure 1. Hierarchical clustering of the pat-
terns of variation in expression of 3180 genes
(represented by 3964 cDNA), in 156 liver tis-
sues (74 nontumor liver and 82 HCC). The
data are shown in a table format, in which
rows represent individual genes and columns
represent individual tissue or cell sample. The
color in each cell reflects the expression level
of the corresponding gene in the correspond-
ing tissue, relative to its mean expression
level across the entire set of tissue samples.
The scale extends from fluorescence ratios of
0.25-4 relative to the mean level for all sam-
ples. Gray indicates missing or excluded data.
Expression of the same genes in 10 HCC cell
lines is similarly represented in the panel to
the left of the main panel. See supplementary
information for the full data, including sam-
ple names.

“proliferation cluster” (Figure 2A), comprised of genes
whose functions are required for cell cycle progression
and whose expression levels correlate with cellular pro-
liferation rates. Most of the genes in this cluster are spe-
cifically expressed in G2/M phase (Cho et al., 2001). As
expected, liver cell lines, continuously proliferating in
culture, also expressed the genes in this cluster at high
levels. Genes encoding ribosomal proteins were also rel-
atively highly expressed in HCC, an expression pattern
characteristically observed in growing cells. Other genes
not known to be related to cell proliferation or translation
also showed consistently elevated expression in HCC.
These genes are implicated in a variety of cellular process,
including cell signaling, transcriptional regulation, RNA
splicing, protein degradation, and cell adhesion. The func-
tional significance of their elevated expression in HCC
remains to be elucidated.

Among the genes that were expressed at lower levels in
HCC than in nontumor liver tissues, most seemed to be
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genes specifically expressed in differentiated hepatocytes
(Figure 2B), including genes encoding liver-specific meta-
bolic enzymes and many plasma proteins, including clotting
factors, apolipoproteins, and complement proteins. When
expanded in vitro, HCC cell lines have been found to lose
expression of most “liver-specific markers.” These data con-
firm that many of the characteristic molecular features of
normal hepatocytes are clearly also deficient in the tumor
themselves.

Both normal liver and liver tumors are complex tissues
composed of diverse specialized cells. Distinct patterns of
gene expression seemed to provide molecular signatures
of several specific cell types. Expression of two clusters of
genes associated with T and B lymphocytes, respectively,
presumably reflects lymphocytic infiltration into liver
tissues (Figure 2, C and D). In nontumor liver tissues,
their expression correlated with viral infection, perhaps
reflecting the chronic inflammatory response to the
infection.
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Figure 2. Features of the variation in gene expression patterns can be related to specific physiological or histological features of the samples.
Data are the same as in Figure 1. Proliferation cluster (A), liver-specific cluster (B), T-lymphocytes cluster (C), B-lymphocytes cluster (D),
stromal cell cluster 1 (E), stromal cell cluster 2 (F), endothelial cell cluster 1 (G); endothelial cell cluster 2 (H), immunohistochemistry staining
of CD34 on nontumor liver (upper) and HCC (lower) tissues (I). Due to limited space, only a few selected gene names are shown. Only a
portion of the proliferation cluster and the liver-specific cluster are shown. See supplementary information for the full data.

The expression patterns of two distinct clusters of genes
seem to reflect variation in the density and composition of
stromal cells (Figure 2, E and F). Several of the genes in the
second group, including LTBP2, CSPG2, and TIMP1, have
been shown to be expressed in activated stellate cells in
response to liver injury (Gressner et al., 1994). Variation in
expression of this cluster of genes may therefore reflect
variation in the distribution of activated stellate cells in the
tissues.

A cluster that included several genes typically expressed
in endothelial cells, including CD34, RGS5, and THY1, was
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expressed at a higher level in HCC than in nontumor liver
tissues (Figure 2G). CD34 is expressed in endothelial cells in
veins and arteries but not in the endothelial cells of the
sinusoids in nontumor liver. However, it is strongly ex-
pressed in the endothelial cells that line the sinusoid-like
vessels in the HCC samples (Figure 2I), presumably reflect-
ing disruption in HCC of the molecular program that nor-
mally regulates blood vessel morphogenesis in the liver. A
second cluster of genes characteristically expressed in endo-
thelial cells, including VWF, hevin, and VE-cadherin (Figure
2H), showed variable expression among the tissue samples
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and no systematic difference in expression between HCC
and nontumor liver tissues. These two groups of genes may
therefore represent two distinct types of endothelial-like
cells in liver.

Clonal and Genotypic Variation in Gene Expression
Patterns in HCC Samples

Previous work has suggested that the gene expression pat-
tern of a tumor can provide a distinctive molecular portrait
recognizable in successive samples over time and in metas-
tases (Perou et al., 2000). How distinctive and consistent are
the gene expression patterns in individual hepatocellular
carcinomas? We investigated whether samples from multi-
ple sites in a single HCC tumor, or multiple separate tumor
nodules in one patient, would share a recognizable gene
expression signature. We analyzed 102 HCC samples from
82 patients by hierarchical clustering based on the overall
similarity in their pattern of expression of 2640 genes (rep-
resented by 3271 cDNA clones) (Figure 3A). With a few
instructive exceptions, all the tumors samples from each
patient clustered together.

To further examine the relationships among multiple tu-
mor samples from individual patients, we calculated the
pairwise r for all pairs of samples and displayed the results
in Figure 3B. For SF1, SF34, SF35, and HK62, each primary
tumor was sampled multiple times. For each of these tu-
mors, the pattern of gene expression in a given tumor sam-
ple was more highly correlated with the pattern seen in the
other samples from the sample patient than with any of the
other tumors we analyzed. Every tumor therefore had a
distinctive and characteristic gene expression pattern, recog-
nizable in all samples taken from different areas of the same
tumor.

Multiple discrete tumor masses were obtained from six
patients. In three of these patients, HK63, HK64, and HK66,
the multiple tumors shared a distinctive gene expression
pattern. In the three other patients, HK65, HK67, and HKS5,
the expression patterns varied between tumor nodules, and
the difference provides new insights into the sources of
variation in the molecular and biological characteristics of
cancers.

Recent studies have shown that the gene expression pat-
terns in samples of a given tumor taken at different times or
from different sites are typically much more similar to one
another than are the expression patterns observed in tumors
of the same type in different patients (Perou et al., 2000). Do
the distinctive expression patterns characteristic of each tu-
mor reflect the individuality of the tumor, or are they deter-
mined by the patient in whom the tumor arose? Analysis of
the multifocal hepacellular carcinomas provides an oppor-
tunity to address this important question.

The expression patterns observed in the two tumor nod-
ules from patient HK85 were not significantly more similar
than those of an arbitrary pair of tumors from different
patients. These two tumor nodules were each 2 cm in diam-
eter and were separated by a distance of 7 cm. Southern
analysis of the HBV integration sites showed that T1 and T2
had distinct integration patterns (see supplementary infor-
mation), strongly suggesting that they were clonally inde-
pendent tumors.

The tumor nodules from patient HK65 were immediately
adjacent, but grossly separated foci. Each tumor mass was
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~2 c¢m in diameter. The gene expression patterns observed
in tumor nodules HK65-T2 and HK65-T4 were more similar
to each other than either was to the pattern observed in
HK65-T1. The gene expression patterns in the tumor nod-
ules in this patient showed an intriguing relationship to p53
activity. In normal cells, p53 is so rare that the protein
usually cannot be detected by standard immunohistochem-
ical staining. Positive p53 staining generally indicates a mu-
tant form of p53 gene in HCC tissues (Hsu ef al., 1993),
probably because the mutated p53 protein is more stable and
accumulates in the nuclei. p53 was undetectable by immu-
nohistochemical staining in T2 and T4, but it was readily
detected in the nuclei of tumor cells in T1 (Figure 3C). To
investigate the clonality of these tumor nodules, we per-
formed Southern analysis of the HBV integration site on T1
and T2 (see supplementary information). The HBV integra-
tion sites in these tumors seemed indistinguishable, suggest-
ing they arose from the same clone. We used microarray
CGH to characterize the patterns of chromosomal amplifi-
cations and deletions in T1 and T2 (see supplementary in-
formation). Although the chromosomal changes in T1
seemed, by this assay, generally similar to those seen in T2,
T1 showed some distinct patterns, including partial or com-
plete loss of a copy of chromosomes 5q, 9p, 12, and 22. All
these data suggest that despite their common clonal origin,
the genome of T1 is distinctly different from that of T2 and
T4, presumably accounting for the differences in gene ex-
pression pattern.

In patient HK67, T1 was the main tumor mass, measuring
8 cm in diameter. T2 and T3, measuring 1 and 3 cm, respec-
tively, were satellite nodules in a different liver lobe. expres-
sion patterns of T2 and T3 were remarkably similar, but only
distantly related to the pattern observed in T1. Although p53
was uniformly detectable by immunohistochemistry in the
nuclei of tumors cells in T2 and T3, the immunostaining
pattern observed in T1 was heterogeneous. In most areas,
p53 staining was undetectable, but in some patches of this
tumor, p53 staining was readily detected in >50% of the
tumor cell nuclei (Figure 3D). Genes associated with prolif-
eration were expressed at significantly higher levels in T2
and T3 than in T1. Array CGH analysis revealed very similar
patterns of chromosomal amplifications and deletions in T1
and T2, including rare chromosomal abnormalities (Wong et
al., 1999; Shiraishi et al., 2001) such as amplification of 19q,
and deletion of 15q and the centromere region of 22 (see
supplementary information), suggesting a common clonal
origin. However, T2 was distinguished from T1 by an addi-
tional deletion of chromosome 13. The data suggest that at
least some of the tumor cells of T1 are genotypically unsta-
ble, resulting in genotypic heterogeneity among the cells in
this tumor. In view of their smaller size, faster proliferation,
and homogeneity with respect to p53 staining, T2 and T3 are
probably subclones derived from T1. The p53 mutation and
other genetic changes apparently provided a growth, sur-
vival, or migration advantage that enabled these clones to
outgrow and metastasize.

Taken together, these results suggest that each indepen-
dently arising tumor is distinguished from other tumors of
the same pathological type, whether they arise in the same
patient or different patients, by a distinctive gene expression
program that reflects the cell of origin and the unique se-
quence of genetic events. Moreover, multiple clonally re-
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Figure 3. Gene expression profiles in HCC samples. (A) Hierarchical clustering of 3271 clones representing ~2640 different genes and 102
HCC samples (from 82 patients) based on similarity in gene expression patterns. The scale is the same as Figure 1. The dendrogram on the
left shows the samples analyzed. Branches are colored to highlight groups of samples from the same patient. Each blue line represents a
patient from whom only a single tumor sample was analyzed. Each of the other colors represents multiple tumor samples from a single
patient. (B) r values between multiple samples. Using all the genes for which technically adequate measurements could be obtained, we
calculated the r values for the expression patterns of each pair of samples. In this image, each cell represents the r for one pair of samples,
using the color key indicated to the right of the panel. (C) Immunohistochemical staining of tumors staining HK65 T1, T2, and T4 for p53.
(D) Immunohistochemical staining of tumors HK67 T1 (left two) and T2 and T3 (right two) for p53.

1934 Molecular Biology of the Cell



Figure 4. Hierarchical clustering of
121 genes whose expression level was
significantly correlated with the pres-
ence or absence of nuclear p53 immuno-
staining in HCC (permutation p value <
0.001; corresponding to a PFER of 4.043
and a nominal FDR of ~0.035). The
scale is the same as Figure 1. The col-
ored bars above the panel indicate p53
positive (yellow) or negative tumor
samples (brown). Due to space limita-
tion, only some of the genes are labeled.
The complete data with clone ID and
gene names are available at the supple-
mentary information.

lated tumor samples in the same patients can show different
gene expression patterns due to divergent histories of mu-
tations or chromosomal alterations.

Correlation between p53 Accumulation and Cell
Proliferation

Mutations in the p53 gene are a common finding in HCC
and may play a key role in pathogenesis. To investigate the
relationship between p53 mutations and the gene expression
program in HCC, 59 HCC specimens were examined by
immunohistochemical staining for p53 protein. Positive p53
staining, which has been noted to correlate with p53 muta-
tion or inflammation in HCC (Hsu et al., 1993), was found in
23 of the tumors analyzed. We found no apparent correla-
tion between p53 staining and histological evidence of in-
flammation in our series.

Among the 59 samples we analyzed, we found character-
istic differences in gene expression patterns between the
tumors with positive p53 staining and those with negative
p53 staining. We identified 121 genes whose expression level
was correlated with p53 staining, with p < 0.001 by two-
sample Welch ¢t statistics (Figure 4). Of these 121 genes, 86
were more highly expressed in tumors with positive immu-
nostaining for p53. Most of these 86 genes belonged to the
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proliferation cluster, i.e., their expression was strongly asso-
ciated with proliferation, suggesting that mutation of p53
might be a key pathogenetic event leading to accelerated cell
proliferation during HCC tumorgenesis.

Most of the 35 genes that were characteristically expressed
at lower levels in the HCC samples with positive p53 stain-
ing are noteworthy for their specific expression in differen-
tiated hepatocytes, presumably reflecting a tendency for
tumors cells with p53 mutations to be poorly differentiated
(Caruso and Valentini, 1999). Interestingly, one of these
genes, MST, also called hepatocyte growth factor-like pro-
tein, has been reported to be induced by p53 expression
(Zhao et al., 2000), raising the possibility of a role for this
putative growth factor in p53-dependent regulation of he-
patocyte differentiation.

Vascular Invasion and Gene Expression Pattern
in HCC

Vascular invasion seems to have an important role in tumor
spread and metastasis. All tumor samples were classified by
histopathological evaluation as either positive or negative
for vascular invasion. We identified 91 genes whose expres-
sion levels were significantly correlated with the presence or
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Figure 5. Hierarchical clustering
of 91 genes whose expression was
significantly correlated with vascu-
lar invasion in HCC (permutation
p value < 0.001; corresponding to a
PFER of 4.043 and a nominal FDR
of ~0.042). The scale is the same as
Figure 1. The colored bars above
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absence of vascular invasion by two-sample Welch ¢t statis-
tics (p < 0.001) (Figure 5).

Sixty-one of these genes were expressed at higher levels in
tumors with vascular invasion than in tumors without vas-
cular invasion. Most of these genes had functions and ex-
pression patterns associated with cell proliferation. One of
the few genes in this set that seems to be unrelated to cell
proliferation encodes matrix metalloproteinase (MMP) 14.
MMP family members are involved in the breakdown of
extracellular matrix and may play important roles in inva-
sion and metastasis (Liotta ef al., 1980; Arii et al., 1996;
Hayasaka et al., 1996). MMP14 may have a direct role in
activation of MMP2 (Sato et al., 1994), which in turn has been
shown to be related to an invasive phenotype and poor
prognosis in HCC (Murakami et al., 1999). The association of
MMP14 expression with vascular invasion highlights the
possible importance of these MMPs in the progression of
HCC and underscores their potential as therapeutic targets.

Most of the genes that were expressed at lower levels in
the tumors with vascular invasion were “liver specific,”
consistent with the classical pathological observation that
poorly differentiated HCC tumors tend to be more aggres-
sive and invasive (Ng et al., 1995). One of the few genes in
this group that did not belong to the liver-specific cluster
encodes the metalloprotease ADAMTS1, which was recently
shown to inhibit endothelial cell proliferation and to have
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the panel indicate tumors with vas-
cular invasion (purple) or without
vascular invasion (orange). See

ADAMTS1 a disintegrin-like and metalloprotease with thrombospondin type 1 motif, 1 supplementary information for full

data.

antiangiogenic activity (Vazquez et al., 1999). Although vas-
cular invasion and angiogenesis have traditionally been
viewed as independent properties of a tumor, a recent study
has suggested an association between vascular invasion and
intratumoral angiogenesis (Maehara et al., 2000). The func-
tion and regulation of ADAMTSI, and its possible role in
suppressing vascular invasion and angiogenesis, warrant
further investigation.

Expression Patterns Distinguish Cancers Metastatic
to Liver from Primary HCC

Many tumors, particularly those arising in the gastrointes-
tinal tract, have a propensity to metastasize to the liver. We
examined several metastatic lesions in the liver. The expres-
sion patterns of 10 randomly selected HCC samples and 10
liver metastases of other cancers were analyzed by hierar-
chical clustering as shown in Figure 6. The HCC samples
and the metastatic cancers clustered into two distinct
groups, based on differences in their patterns of gene ex-
pression. Although some of the HCC samples were poorly
differentiated and expressed the genes of the liver-specific
cluster at very low levels compared with either normal liver
or well-differentiated HCC, the genes of the liver-specific
cluster were consistently expressed at higher levels in HCC
than in tumors of nonliver origin. Metastatic cancers origi-
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Figure 6. Comparison of gene expression patterns in HCC and
tumors metastatic to liver. Expression data for 3474 cDNA clones
representing ~2780 different genes, in 10 HCC and 10 metastatic
tumor samples, were analyzed by hierarchical clustering. The scale
is the same as Figure 1. Differently colored branches in the dendro-
gram represent different histologically defined tumor types. See
supplementary information for full data.

nating from the same tissue typically clustered together,
expressing genes characteristic of the cell type of origin. For
example, the four samples of metastatic colon adenocarci-
noma clustered together, distinguished in part by their
abundant expression of the keratin 17, keratin 19, and mucin
1 genes. In contrast, a metastatic carcinoid tumor from the
colon expressed genes commonly associated with neurons
and neuroendocrine cells, including syntaxin 1A and syn-
taxin binding protein 1. The sample labeled HK17, diag-
nosed as undifferentiated adenocarcinoma, expressed a dis-
tinctive set of genes. Due in part to the small number and
limited diversity of the non-HCC tumors in this study we
cannot pinpoint the site from which this tumor arose. We are
optimistic, however, that systematic comparison of the gene
expression pattern in a metastatic tumor of uncertain origin
with the expression patterns observed in a large, diverse
sample of tumors and normal tissues will allow reliable
recognition of the primary tumor of origin.

DISCUSSION

The molecular pathogenesis of HCC is still poorly under-
stood, and its clinical course can vary widely. Systematic
analysis of global gene expression programs in human can-
cers can lead to new insights into pathogenetic mechanisms
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and improved prediction of clinical behavior (Golub et al.,
1999; Alizadeh et al., 2000; Perou et al., 2000). A recent report
analyzed gene expression patterns in 20 HCC samples (Ok-
abe ef al., 2001), by directly comparing tumor to nontumor
liver tissue from the same patient. The studies noted the
elevated expression of proliferation-associated genes in the
tumors, and suggested that expression of specific genes
could be associated with the viral etiology of the tumor,
vascular invasion, and other features. The interpretation of
these results was complicated, however, by the fact that the
gene expression patterns in the nontumor liver samples
from different patients can vary significantly, affected by the
viral infection and degree of cirrhosis (Figure 1). Thus, the
tumor-specific variation in the expression patterns could not
be distinguished from variation due to differences in the
corresponding nontumor liver samples.

In this study, we used a common reference RNA sample
as an internal standard for measurement of expression in
each clinical specimen, allowing systematic comparisons to
be made among all of our tumor and nontumor tissues and
cell lines. HCC and nontumor liver samples were readily
divided into two separate major branches when these tissues
were hierarchically clustered based on their gene expression
patterns, reflecting the consistent differences between the
gene expression program in HCC and nontumor liver tis-
sues. Of the 3180 genes that showed the greatest variation in
expression among all the samples we studied (Figure 1),
~1640 genes were differentially expressed in HCC vs. non-
tumor liver samples (p < 0.01 by Student’s t test with
Bonferroni correction; see supplementary information).

Primary HCC was readily distinguished from tumors
metastatic to liver based on differences in global gene ex-
pression patterns. Metastatic tumors from the same primary
site shared distinctive gene expression patterns that seemed
to be related to their normal cellular progenitor. Metastatic
tumors of unknown primary origin are not rare. Classifica-
tion of these tumors according to the primary tumor of
origin has important implications for treatment. Our prelim-
inary results provide encouraging support for the hypothe-
sis that tumors of unknown primary could be identified by
comparing their gene expression patterns with the profiles
of diverse malignant and normal tissues.

As observed for breast cancers (Perou et al., 2000), lym-
phomas (Alizadeh et al., 2000), and other cancers (our un-
published data), the gene expression pattern of each HCC
seems to provide a distinctive molecular portrait of that
tumor, several features of which are statistically associated
with specific phenotypic features of the tumors. Multiple
tumor samples from the same patient typically share recog-
nizable and distinctive features in their gene expression
patterns. An important question raised by this recurrent
observation is whether the differences in gene expression
patterns reflect the individuality of the tumors or the pa-
tients in whom the tumors arise. The results of this study
provide a partial answer. In a few cases, separate tumors
from a single patient showed dramatic differences in their
gene expression patterns. We found that the differences are
likely due either to independent clonal origins of separate
HCCs in the same patient (HKS85), or to divergent genotypic
evolution of clonally related tumors (HK65 and HKG67).
Therefore, the differences that distinguish the gene expres-
sion programs of individual tumors of the same histological
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type seem primarily to arise during the development and
progression of the tumors, rather than reflecting underlying
differences between the patients in whom the tumors arose.

Extensive variation in histology and cell morphology is a
frequent feature of cancer. The microscopic heterogeneity in
p53 protein levels observed in one of the tumors were ana-
lyzed, HK67, provides an informative example (Figure 3D).
The RNA samples were analyzed in this study were isolated
from macroscopic tumor samples ~1 cm? in size, a scale too
large to allow resolution of the differences in gene expres-
sion to accompany the differences in p53 activity (and pre-
sumably other genotypic variation) represented in this het-
erogeneous tumor sample. However, the differences in the
expression patterns observed between the largest tumor
mass in patient HK67, tumor T1, and tumor nodules T2 and
T3, presumed to be intrahepatic metastases from T1, support
the hypothesis that the cellular heterogeneity observed at
the histological level is accompanied by corresponding het-
erogeneity in the gene expression patterns. Clearly, this
important phenomenon warrants further study by using
methods such as laser-capture microdissection and immun-
histochemistry, which can allow molecular variation at the
level of single cells to be characterized in greater detail.

Among the genes that were characteristically highly ex-
pressed in HCC, those whose products are membrane asso-
ciated or secreted are of particular interest for their potential
as therapeutic targets or as serological markers for early
detection. a-Fetoprotein has been widely used as the serum
marker for HCC diagnosis and follow-up. However, it is
elevated in only 50% of HCC (Johnson, 2001) (Figure 1).
Additional, and better, serological markers are clearly
needed. In this study, we were able to identify hundreds of
genes whose expression was more consistently elevated in
HCC than was a-fetoprotein (see supplementary informa-
tion). Using a DNA microarray method for identification of
membrane-associated transcripts (Diehn et al., 2000) and
sequence analysis for transmembrane domain or signal pep-
tides (Kyte and Doolittle, 1982; Nielsen et al., 1997), we were
able to distinguish a subset of these genes whose products
are likely to be either membrane bound or secreted (Diehn,
unpublished data). By raising antibodies against the prod-
ucts of these genes, we hope to identify new serum markers
for detection and diagnosis of HCC, and perhaps new can-
didate targets for treatment.

Supplementary information is available on the authors’
World-Wide Web site (http://genome-www.stanford.edu/
hcc).
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