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Hepatocellular carcinoma is a common malignancy
causing significant morbidity and mortality world-
wide. In this study we use expression microarray
technology to identify novel genes that consistently
displayed altered expression levels in the earliest
identifiable precursors to hepatocellular carcinoma,
dysplastic and macroregenerative nodules. The gene
expression profiles from nine patients with end-stage
hepatitis C cirrhosis that contained a combined 11
dysplastic or macroregenerative nodules were com-
pared to the patient’s matched cirrhotic liver tissue. A
total of 53 genes were consistently dysregulated in the
patient liver specimens. Six of seven genes were val-
idated by quantitative real-time reverse transcriptase-
polymerase chain reaction, or by immunohistochem-
ical studies performed on an independent set of
lesions. The novel genes, including caveolin-1, sema-
phorin E, and FMS-like tyrosine kinase 3 ligand, have
putative roles in carcinogenesis but have not been
reported in hepatocellular carcinogenesis. Microar-
ray expression analysis of dysplastic and macrore-
generative liver nodules provide insight into the ear-
liest changes in hepatocellular carcinogenesis. (Am
J Pathol 2003, 162:991–1000)

Hepatocellular carcinoma (HCC) is among the most com-
mon malignancies throughout the world and causes sig-
nificant medical expense and mortality.1,2 Hepatocellular
carcinogenesis is not well understood. Risk factors for the
development of HCC include toxin exposure, chronic
viral infection, and cirrhosis. It is now recognized that the
etiology of cirrhosis has a strong influence on the molec-
ular pathway leading to HCC.3

One of the most common causes of cirrhosis is the
hepatitis C virus (HCV), which infects 170 million people
worldwide.4,5 Approximately 75% of people exposed to
HCV develop chronic infection with �33% of them devel-

oping cirrhosis.6,7 The increased turnover of hepatocytes
and the inflammatory cell infiltrate seen in chronic HCV
hepatitis and cirrhosis is thought to lead to accumulation
of genetic alterations, which ultimately can result in the
development of HCC. In HCC, as with most solid tumors,
there are usually numerous chromosomal and genetic
changes, which may obscure critical early genetic
events.

Studies of adenomatous polyps, the precursor lesions
of colonic adenocarcinoma, have played an important
role in establishing the sequence of genetic alterations
important in colonic carcinogenesis. Similarly, the prema-
lignant precursors to HCC may exhibit critical early ge-
netic alterations important to the understanding of he-
patic carcinogenesis. Dysplastic nodules (DNs) and
macroregenerative nodules (MRNs) are recognized mor-
phological precursors to HCC.8–11 They occur with the
highest frequency in the chronic liver diseases most
strongly associated with the development of HCC.12–14 In
addition, malignant transformation has been reported in
nodule-within-nodule lesions.15,16 MRNs and DNs both
show changes in their apoptotic rate and evidence of
clonal expansion, making them distinct from the sur-
rounding cirrhotic nodules.17,18

We wanted to test the hypothesis that MRNs and DNs
exhibit altered gene expression profiles distinct from that
of cirrhotic tissue. Because MRNs and DNs are precursor
lesions with malignant potential, we subjected them to
expression microarray analysis to identify novel genes
altered in the earliest stages of hepatocellular carcino-
genesis.

Because the etiology of cirrhosis can strongly influ-
ence the events leading to HCC, we examined the gene
expression profile of macroregenerative and dysplastic
liver nodules in the setting of a single etiology of cirrhosis,
namely chronic HCV hepatitis. We found 53 genes with
expression levels that were significantly and consistently
changed in a series of patient samples. Six of these
genes were further investigated with quantitative real-
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time reverse transcriptase-polymerase chain reaction
(RT-PCR) and immunohistochemistry. We report several
novel genes whose dysregulation might play a role in the
earliest stages of hepatocellular carcinogenesis and ex-
tend the findings of previously reported genetic alter-
ations identified in HCCs to the setting of HCV. We also
placed genes previously reported as altered in HCC at an
early point in the multistep transformation process.

Materials and Methods

Clinical Samples

This study was subject to the University of Chicago Insti-
tutional Review Board and approved as protocol number
11084A in accordance with the Helsinki Accord on Hu-
man Rights guidelines for human research. Explanted
livers from nine patients undergoing orthotopic liver
transplantation for end-stage hepatitis C cirrhosis were
carefully sectioned and grossly examined for MRNs and
DNs. Samples from nine nodules and paired samples of
distant cirrhotic liver from the same patient were freshly
snap-frozen. The remainder of each nodule was submit-
ted for histological examination. Histological criteria for
the diagnosis of MRNs and DNs were those outlined in a
working statement.19 MRNs are recognized grossly be-
cause they are larger than the surrounding ordinary re-
generative nodules, bulge from the cut surface, and differ
in color and/or texture. Microscopically portal tracts can
be identified within the lesion, and there is no significant
cytological or architectural atypia. DNs are similar grossly
to MRNs. Microscopically, however, they exhibit cytolog-
ical and/or architectural atypia (eg, small cell change,
increased numbers of unpaired arteries, small clone-like
foci, and so forth).

Microarray Analysis

Total RNA was isolated from liver samples after mechan-
ical disruption and extraction following the TRIzol proce-
dure (Invitrogen, Carlsbad, CA). The precipitated prod-
ucts were treated with DNase (Invitrogen) and further
purified with the RNeasy Mini Kit (Qiagen, Valencia, CA).
Total RNA was converted to cDNA with oligo d(T) primers
using the 3DNA Submicro Expression Array Detection Kit
(Genisphere, Montvale, NJ). This system is detailed at
http://www.genisphere.com/about.html but briefly entails
generating cDNA that hybridize to fluorescent reagents.
The cDNA 5� end is tagged with an oligo d(T) primer that
also contains a capture sequence that is complementary
to a sequence linked to multiple fluorescent Cy3 or Cy5
molecules. The capture sequence-tagged cDNA is pre-
incubated with a fluorescent reagent that is linked to the
complementary capture sequence. A specific capture
sequence is used for each Cy3 and Cy5 molecule. The
result is an indirect linkage of Cy3 or Cy5 to a cDNA pool
resulting in significant signal amplification. For each pa-
tient sample 1 �g of total RNA (determined using Ri-
bogreen; Molecular Probes, Eugene, OR) was reverse-
transcribed (Invitrogen) with 0.2 pmol of oligo(dT) primer

at 42°C for 2 hours. The reaction was stopped in 0.2
mol/L of NaOH and 20 mmol/L of ethylenediaminetet-
raacetic acid and DNA/RNA hybrids were broken by
incubation at 65°C for 10 minutes. After neutralization of
the reaction with 0.25 mol/L of Tris-HCl (pH 7.5) the
reaction mixture was precipitated in 0.6 mol/L of ammo-
nium acetate and 80% ethyl alcohol at �20°C for 30
minutes. Samples were spun at 10,000 � g and the
resulting pellet was washed with 70% ethyl alcohol. The
precipitated cDNA was prehybridized to the fluorescent
reagents by incubation with 2.5 �l of Cy3 and Cy5 den-
drimer reagents (Genisphere), 10 mmol/L of dithiothreitol,
and 35 �l of Glass Hybridization Solution (Clontech,
Palo Alto, CA) at 55°C for 15 minutes. The GeneMap-
Cancer Array (Genomic Solutions, Ann Arbor, MI), which
includes 1152 human cDNAs spotted in duplicate, was
used in these studies (for a full gene list see http://www.
genomicsolutions.com/genemap/humanarray.html).

The cDNA microarrays were hybridized with 1.8 ml of
Atlas Glass Human Hybridization Solution in a Clontech
Hyb Chamber (Clontech) at 55°C for 30 hours. The arrays
were washed with Clontech GlassHyb Wash Solution, 1�
standard saline citrate with one tenth Clontech GlassHyb
Wash Solution, and 0.1� standard saline citrate each
with 2 �m dithiothreitol and for 10 minutes at room tem-
perature. The arrays were dried and fluorescent intensi-
ties scanned with the Genomic Solutions GeneTAC 2000
scanner (Genomic Solutions) at Cy3 and Cy5 wave-
lengths using acquisition times that minimized saturation
of the maximum fluorescent levels. Fluorescent intensities
were acquired from image files using IP Lab Microarray
Suite (Scanalytics, Fairfax, VA).

Microarray Data Analysis

Data analysis was performed using GeneSpring version
4.1.5 (Silicon Genetics, Redwood City, CA) analysis soft-
ware. Dividing by the 50% median calculated from all of
the signal intensities for either the Cy3 or Cy5 channel
normalized the fluorescent signal for each gene. The
expression ratio for each gene was then calculated by
dividing the normalized signal for a given gene in a
patient’s MRN or DN tissue by the normalized signal for
the same gene in the patient’s distant cirrhotic tissue.
Because each gene is represented twice on each array,
the expression ratios for each gene were averaged and a
percentage coefficient of variation (%CV) was calculated.
The mean expression ratios were transformed by log
base 2 for all subsequent analyses. Because there were
duplicate spots for each gene, quality control could be
performed for each chip hybridization. The mean %CV
was calculated from the entire %CV for each gene on the
array. This gives a global measure of reproducibility be-
tween two identically spotted genes on the same chip
and takes into account the hybridization and signal ac-
quisition steps, both of which might harbor significant
sources of variation and contribute to the random varia-
tion of the system. For all of the reported hybridizations
the mean %CV was 27% (range, 12 to 35%). This level of
intra-array reproducibility (%CV) was similar to that seen
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in duplicate runs within a competitive (non-real time)
RT-PCR reaction and was considered to represent very
good performance.20

Two methods were used to identify differentially ex-
pressed gene transcripts. In both methods, expression
profiles were generated as histograms of the gene ex-
pression ratios (nodule/cirrhosis). First, individual expres-
sion profiles were generated for each patient sample. The
genes with expression ratios at least two standard devi-
ations from the mean in at least five of the samples were
regarded as significant (1.8- to 2.2-fold). Second, aggre-
gate expression profiles were generated as a combined
histogram for all 11 samples. A gene with an expression
ratio at least two standard deviations from the mean was
regarded as significant (�1.9-fold). These two methods
produced similar but slightly different results. The first
method detects genes that were consistently up- or
down-regulated in multiple samples, whereas the second
method was influenced by extreme outliers in a few sam-
ples. Hierarchical clustering and construction of a den-
drogram was performed using the “Tree” function in
GeneSpring software.21,22

Quantitative Real-Time RT-PCR

Total RNA, 500 ng, was converted to cDNA with oligo-dT
primers using the MMULV reverse transcriptase protocol
(Invitrogen). The cDNA reaction mixture was diluted 1:10
and used in real-time PCR reaction conditions: 200
�mol/L each dNTP, 5.5 mmol/L MgCl, 200 �mol/L each
primer, 100 �mol/L probe, 0.75 U Hotstart Taq polymer-
ase (Qiagen) under the following reaction conditions:
95°C for 900 seconds followed by 40 cycles of 95°C for
15 seconds, and 60°C for 60 seconds (optics on) using
the Cephid SmartCycler Version 1.2b (Cepheid, Inc.,
Sunnyvale, CA). The fold change was calculated by di-
viding the ratio of the normalized copies of the experi-
mental gene in a nodule by the normalized copies of the
experimental gene in cirrhotic tissue. The normalized
copies were calculated in standard manner (Applied Bio-
systems ABI Prism 7700, Bulletin 2, Dec 11 1997). We
used the equation Nc � (1 � E)deltaCt where Nc �
normalized copies of experimental gene per copies of
c-ABL, E is the efficiency of the PCR reaction (nearly
always 1.0) and delta Ct is the difference in the cycle
threshold for the experimental gene and c-ABL. The PCR
reaction efficiency is determined by the difference be-
tween the slope of a standard curve generated for each
gene [Ct versus log (total RNA)] from the expected slope
in an ideal PCR reaction. The c-ABL gene was used to
normalize patient samples to each other because it has
been shown to be stably expressed, whereas other pu-
tative normalizing genes such as GAPDH have been
shown to be strongly induced in HCC.23 All runs were
performed in duplicate. The sequences (5� to 3�) for each
primer (Integrated DNA Technologies Coralville, IA) and
probe (Synthegen, Houston, TX) are ILGFBP3: 136F
GCTCTATGCAGCGTGTGTCC, 201R CAAAGTCAG-
GCTCAGGGAGACT, probe-157 (FAM)CACCGAG-
GTCTGCAGCAGGGC(TAMRA); FLT 3L: 130F AGCCT-

GCGGAGAGAGTAGCC, 205R GGAATGTCCTCACAC-
CTACCAAA, probe-154 (FAM)ATCCATCTCTCTGCT-
GAAAGGTCGCCTG(TAMRA); c-ABL: ABL-F AAAATGAC-
CCCAACCTTTTCG, ABL-R CCATTCCCCATTGTGATTAT-
AGC, ABL-probe (FAM)TCTAAGCATAACTAAAGGT-
GAAAAGCTCCGGGTCTT(TAMRA); SEMA-E: 163F GAAA-
GACAGAATGTCTCCTCATATTGTTT, 271R CTGATTTTTA-
AGTCAACACTATATATTTTATGATCT, probe-193 (FAM)
TCTTACTTTCTAGACATAACAAGCACCTTGCCATCAC
(TAMRA).

Tissue Arrays and Immunohistochemistry

A tissue array containing MRNs, DNs, and HCCs from
patients not included in the cDNA microarray analysis
was constructed. Paraffin-embedded tissue from each
case was cored with a 1.5-mm needle using a Beecher
machine and placed into a predrilled recipient block.
Tissue array blocks were sectioned at 7 �m and pre-
pared for immunohistochemistry. Antibodies used in-
cluded caveolin-1 (1:200; Becton, Dickinson and Co.,
San Diego, CA), Retinoblastoma (RB) (2 �g/ml, Becton,
Dickinson and Co.), and collagen IV (1:100; DAKO, Indi-
anapolis, IN). Antigen retrieval, consisting of 95°C for 10
minutes (caveolin-1) in 0.01 mol/L citrate buffer, pH 6.0,
DAKO target retrieval buffer, pH 6.0, 27 minutes in a
bench top pressure cooker (pRB), or 15 minutes 99°C
(collagen IV) was performed. pRB and collagen IV were
stained on the automated Ventana system as per the
manufacturer’s directions with rabbit anti-mouse second-
ary antibody and biotin/streptavidin/diaminobenzidine
detection reagents (Pierce, Rockford, IL). For caveolin-1
a 3% H2O2 quenching solution, 10% normal serum block-
ing solution, and incubation overnight at 4°C with the
primary antibody was used. The secondary biotinylated
antibody (Zymed Labs., San Francisco, CA) was followed
with streptavidin horseradish peroxidase, developed with
diaminobenzidine and counterstained with hematoxylin.
The arrays were examined and the intensity of staining for
each core was graded on a 0 (absent), 1� (weak), 2�
(moderate), and 3� (strong staining) scale. The number
of positive nuclei and intensity of staining was scored for
pRB while the intensity of sinusoidal staining was graded
for collagen IV and caveolin. Tissue cores that were
missing from a section were not graded. Percentages
summarizing the staining grades for each array were
calculated as the number of cores with a particular stain-
ing grade divided by the total number of cores present.

Results

Microarray Results

To assess the biological relevance of the microarray re-
sults we examined clinical subsets to determine whether
they yielded similar expression patterns. Each paired
sample was placed into a dendrogram based on the
Pearson’s correlation coefficient calculated for each sam-
ple using all of the gene expression ratios for each paired
sample. As expected, patients with two samples from the
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same explanted liver had expression profiles with similar
correlation coefficients and therefore are located near
each other in the dendrogram (Figure 1).

The nine patient samples consisting of MRNs and DNs
and paired distant cirrhotic tissue from the same patient
were analyzed with the cDNA arrays for significant
changes in gene expression levels. Fifty-three genes met
the criteria for significant up- or down-regulation as de-
fined in the Materials and Methods section (Table 1).
When the data were treated in aggregate with all patient
data averaged together (see Materials and Methods), 45
genes were determined to be significant (changed 1.9-
fold in either direction). Alternatively, treating the data as
individual samples identified 34 genes as significant
(changed 1.8- to 2.2-fold in either direction) in more than
half of the paired patient samples (Figure 2). Although
there was some variation in the magnitude of each indi-
vidual gene’s change in expression level (fold change),
the genes identified as significant were consistently
changed in the same direction (same color). Moreover,
there was significant overlap between those identified
from the aggregate and individual methods, with 26
genes identified by both methods.

Quantitative Real-Time RT-PCR Validation
Studies

To validate the microarray data we performed quantita-
tive real-time RT-PCR on a set of five genes thought to be
novel to hepatocellular carcinogenesis. The FMS-like ty-
rosine kinase (flt) receptor system that participates in
hematopoiesis has also been demonstrated in hepato-
cytes.24,25 Our cDNA microarray data demonstrated a

consistent decrease in flt-3 ligand (flt-3l) mRNA in all
MRN and DN samples relative to paired cirrhotic tissue
(Figure 3A). Quantitative real-time RT-PCR confirmed the
cDNA microarray result, with 9 of 11 samples showing
decreased flt-3l mRNA in nodules compared to paired
sample of cirrhotic tissue.

Semaphorin E (Sema E) is a member of a family of
secreted proteins that are involved in the guidance of
axons.26 Our cDNA microarray analysis identified this
gene as overexpressed in all of the MRN and DN sam-
ples. Quantitative real-time RT-PCR confirmed this result
with all but a single nodule showing an increase in Sema
E expression (Figure 3B, sample 9). The Sema E gene
belongs by sequence homology to class III semaphorins.27

It is possible other semaphorin members are responsible
for cross-hybridization on the cDNA microarray.

PAX5 is involved in organogenesis through HOX gene
expression. In the cDNA microarray analysis this gene
was up-regulated in 5 of 11 of the patient MRN and DN
samples. Quantitative real-time RT-PCR was able to de-
tect transcripts in 6 of 11 nodules without detectable
product in any of the cirrhotic tissue (data not shown).
Therefore, PAX5 appears to be significantly up-regulated
in MRNs and DNs.

A second transcription factor, the Wilms tumor 1 gene
(WT1) was up-regulated according to our cDNA microar-
ray analysis, however, this was not confirmed by quanti-
tative real-time RT-PCR as 7 of the 11 samples showed a
down-regulation and the other 4 showed no change in
expression level. The WT 1 gene product is comprised of
10 exons and is known to have a complex assortment of
alternative splicing products, which might explain the
lack of a correlation between quantitative real-time RT-
PCR and cDNA microarray results for this particular
gene.28

Although the insulin-like growth factor (IGF) pathway
has been implicated in HCC development, the contribu-
tion of IGF-binding proteins is not clear.29–31 Our cDNA
microarray results showed an increase in IGF-BP3 in
MRNs and DNs in the aggregate analysis (Figure 3C,
filled bars). We validated this finding by quantitative real-
time RT-PCR, confirming an increase in expression in 10
of 11 samples (Figure 3C, open bars). There was a single
discordant result between the cDNA microarray and quan-
titative real-time PCR methods (Figure 3C, patient 1b).

Immunohistochemistry Validation Studies

We further validated the data by examining expression
levels of selected genes at the protein level. We also
wished to validate our findings using samples from pa-
tients other than those used for the cDNA microarray and
quantitative real-time PCR experiments. To this end, we
constructed a tissue microarray from an independent set
of patients with HCV cirrhosis. The tissue array consisted
of 36 MRNs, 18 DNs, and 18 HCCs with paired cirrhotic
tissue as controls. We performed immunohistological
stains of tissue microarray with antibodies to three
proteins identified as outliers by the cDNA microarray
experiments.

Figure 1. The dendrogram shows the relationship of the patient samples
containing either MRNs (number), dysplastic nodules (DYS), or with more
than one sample (1a and 1b, 2a and 2b) based on the expression levels of all
of the 1152 genes represented on the cDNA microarray. The relationships
were determined by the Pearson’s correlation coefficient calculated using the
global expression pattern for pairs of patient samples.
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Table 1. Up- and Down-Regulated Genes Grouped by Known Function

Gene no. Accession no. Gene name Ag Ind Validation

Down-regulated
Oncogene

1 AA457097 v-akt homolog 2 X X Lit
2 AA922309 Kangai 1, CD82 X Lit
DNA repair

3 N62586 DNA excision repair protein ERCC5 X NI
Growth factors and cytokines

4 AI150354 Flt-3 X X Q-PCR
5 R35665 Epidermal growth factor receptor X IHC
Cell adhesion

6 AA746392 pax5 X Q-PCR
Signal transduction

7 AA030029 Protein kinase C, alpha X Lit
8 AA485523 Protein kinase, cAMP dependent, type I, beta X NI
Cell-cell interactions

9 AA078778 Tyrosine protein kinase CSK X X Lit
10 R89615 Human protocadherin X NI

Invasion regulators
11 N71159 Human metastasis associated MTA1 X NI

Transcription factor/DNA binding
12 AA417562 ESTs, similar to zinc finger protein X X NI
13 AA120823 fra1 X X NI
14 AA026102 Transcription factor 3 X X NI
15 AA496576 Transcription factor 11 basic leucine zipper X NI
16 AA932311 HOXC6 X NI
17 AA811084 TRT X NI
18 AA482079 ESTs, similar to zinc finger protein XLCGF8.2DB X NI
19 N94321 ESTs, similar to zinc finger protein 84 X NI
20 N80235 Human GC box binding protein X NI
21 AA45587 Human TFIID subunits TAF20 and TAF15 X NI
22 AA406269 Nuclear factor I/X X NI

Translation
23 W81684 RNA polymerase II elongation factor SIII, p15 X X NI
24 H56918 Eukaryotic translation factor 4A X NI

Housekeeping
25 R91078 Cytochrome P450 IIIA7 X Lit
26 AI420192 H4 histone D X NI
27 H90219 Myoinositol-1-monophosphatase X NI
28 R83355 ESTs, similar to NK tumor recognition protein X NI

Cell cycle
29 AA676387 Cell cycle progression 2 protein (CRP2) X NI

Up-regulated
Oncogene/tumor suppressor

30 AA045192 Retinoblastoma 1 X X Lit
31 T50699 Homo sapiens cancer associated surface antigen

(RCAS1)
X X Lit

32 N24699 v-erb2 viral homolog 3 X X NI
33 AA130187 Wilms tumor 1 X Dis

Growth factor/cytokines
34 AA598601 Insulin like growth factor binding protein 3 X X Q-PCR
35 AA489602 Tumor necrosis factor type 1 receptor associated

protein
X X Lit

36 AA452627 Endothelin receptor type A X X Lit
37 T58932 FOS related antigen 2 X Lit
38 H16854 CD 86 X Lit

Cell adhesion, motility and invasion
39 AA487560 Caveolin 1 X X IHC
40 AA042990 Semaphorin E X X Q-PCR
41 AA150402 Collagen, type IV X X NI
42 N51018 ESTs, similar to proteoglycan precursor X X Lit

Other
43 R53935 P glycoprotein 3/multiple drug resistance 3 X Lit

Transcription factor and DNA binding
44 H29557 Helix loop helix protein 2 X X NI
45 AA013268 Homo sapiens leucine zipper bearing kinase X X NI
46 AA043503 Down regulator of transcription TBP 1 X X NI
47 AA013268 Human transcriptional coactivator PC4 X X NI
48 N50513 KRAB zinc finger protein X X NI
49 R91570 Signal transducer and activator of transcription 4 X X NI

Housekeeping
50 AA668425 Amylo1,6 glucosidase, 4 alpha glucanotransferase X X NI
51 AA683578 Adenosine deaminase X X NI
52 AA598814 ATPase, Na�/K� transporting, beta 1 X NI
53 AA676466 Argininosuccinate synthetase X X NI

Significantly up- or down-regulated genes with accession number are listed and grouped by known function. Significant genes were determined to
have an expression ratio (normalized signal in a patients nodule/cirrhosis) that was two standard deviations from the mean in an aggregate (Ag)
analysis or in 5 of 11 individual patient pairs (Ind). The validation column indicates genes that were independently validated by quantitative real-time
RT-PCR (Q-PCR), immunohistochemistry (IHC), agree with published literature (Lit) regarding hepatocellular carcinoma or with no additional
information (NI). Genes with Q-PCR in disagreement (Dis) with the cDNA microarray findings are also indicated.
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Collagen IV is a component of the basement mem-
brane that has been shown to have an altered expression
pattern in cirrhosis.32–34 The cDNA microarray analysis
demonstrated that collagen IV mRNA levels were in-
creased in MRNs and DNs. An increase in collagen IV
protein was confirmed by immunohistological stains of
the tissue array (Figure 4; A to C). More than half (52%) of
the MRNs and DNs showed more intense (2� to 3�)
collagen IV reactivity than the cirrhotic tissue (20% 2� to
3�). Reactivity was seen along sinusoids in both the
cirrhotic and MRN/DN samples, but was more intense in
the MRNs and DNs. Interestingly, 15 of 17 (88%) of the
HCCs showed a uniform decrease (0 to 1�) of this in-
tense sinusoidal staining (Figure 4D).

Caveolin-1 has recently been reported to have altered
expression in a variety of tumors.35–37 The cDNA microar-
ray analysis showed increased expression of this gene in
MRNs and DNs when compared to cirrhotic tissue. Im-
munohistochemistry performed on the tissue array with
caveolin-1 revealed moderate to strong (2� to 3�) reac-
tivity in sinusoidal endothelial cells of 90% of the MRNs
and DNs and absent or weak (0 to 1�) reactivity in 71%
of the cirrhotic tissue samples (Figure 4, E and F).

Retinoblastoma (Rb) is a tumor suppressor gene
whose expression is altered in several tumors and
been shown to be altered in hepatic carcinogene-
sis.38,39 Rb mRNA was markedly increased according
to the cDNA microarray experiment. Immunohisto-
chemical staining for Rb protein revealed nuclear
staining in rare hepatocytes in the cirrhotic tissue sam-
ples. The MRN and DN samples showed weak reactiv-
ity for Rb protein in hepatocyte nuclei (Figure 4H),
compared to frequent nuclear reactivity in HCC sam-

ples (Figure 4G). The lack of concordance between the
mRNA level and protein level for Rb in liver has been
reported in transgenic mouse studies.40 In these stud-
ies Rb tumor suppressor function correlated better with
increased mRNA measured by reverse transcription
PCR than with protein detection by immunohistochem-
istry. The high level of Rb protein expression detected
in HCC samples supports the suggestion that Rb
mRNA expression in MRNs and DNs is increased.

Discussion

The early steps in hepatocellular carcinogenesis are not
well defined. As with many solid tumors, complex genetic
changes occur in established HCCs. The number of ge-
netic and gross chromosomal changes that occurs late in
tumor progression make sorting out primary and second-
ary changes difficult. The critical early steps of hepato-
cellular carcinogenesis have not been studied exten-
sively in humans, primarily because tissue from the
precursor lesions (MRNs and DNs) has not been easy to
obtain. Investigations of the earliest precursors to adeno-
carcinoma, adenomatous polyps, has been key to under-
standing the sequence of genetic alterations important
in colon carcinogenesis. To understand the earliest
changes in hepatocellular carcinogenesis, we examined
a single background of liver disease, hepatitis C related
cirrhosis, and the earliest possible malignant precursors
to HCC, namely MRNs and DNs. MRN and DN samples
were obtained from patients undergoing hepatectomy for
orthotopic liver transplant and were analyzed by cDNA

Figure 3. Quantitative real-time RT-PCR summary. The expression for flt-3l
(A), Semaphorin E (B), and ILGF BP3 (C) was determined by cDNA microar-
ray (filled bars) or quantitative real-time RT-PCR (open bars) and reported
as the fold change in the MRNs or DNs compared to the patients (1 to 9)
matched cirrhotic liver.

Figure 2. Overview of the expression profiles for genes identified by the
cDNA microarray. Each row represents an individual patient sample pair
with a MRN (number), dysplastic nodule (DYS), or with multiple samples (1a
and 1b, 2a and 2b). Each column represents an individual gene with a
number that refers to the gene number listed in Table 1. The relative
expression level for each gene is indicated by a color gradient from red (high
expression in a nodule relative to cirrhosis) to blue (low expression in
nodule relative to cirrhosis); gray indicates no information.

Figure 4. Immunohistochemical staining of tissue array containing cirrhotic, MRN/DN, and HCC tissue. A: Weak to absent staining for collagen IV along the
sinusoids in cirrhotic tissue. B and C: Strong staining highlights the hepatic sinusoids in MRNs. D: HCCs show a loss of collagen IV staining. Caveolin-1 antibodies
do not stain cirrhotic tissue (E) but do stain MRN (F) endothelial cells. The retinoblastoma protein shows light nuclear staining in the MRN (G) and more intense
nuclear staining in HCC (H). Original magnifications: �10 (A, B, D–F); �40 (C, G, H).
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microarrays. The main goal of the analysis was to identify
genes whose expression was consistently altered in com-
parison to the surrounding cirrhotic liver. Although com-
parison of gene expression between cirrhotic tissue and
normal liver would also be of interest, the focus of these
experiments was the genetic alterations important during
the progression from an abnormal, yet nonmalignant
state (cirrhosis) to a premalignant one (MRNs and DNs).
We used nine patient samples containing 11 nodules
(three DNs and eight MRNs) that were paired with the
patient’s own cirrhotic tissue. Stringent criteria were ap-
plied to generate a list of outlier genes. The cDNA mi-
croarrays used contained 1152 genes that were spotted
in duplicate, which added a measure of reproducibility
within a given array hybridization. Furthermore, we re-
quired outlier genes to be significantly altered in at least
half of the paired patient samples. We identified 29 up-
regulated and 24 down-regulated genes, many of which
are novel to the understanding of hepatocellular carcino-
genesis. The findings were validated in six of seven se-
lected genes with quantitative real-time RT-PCR and by
immunohistochemistry.

The classes of genes identified as altered (Table 1) fit
well with the current understanding of carcinogenesis
and hepatic biology. Transcription factors and house-
keeping genes constituted the largest classes of altered
genes. As would be expected, hepatic nodules are met-
abolically distinct from the surrounding cirrhotic liver and
these differences are likely to be represented by alter-
ations in expression levels of transcription factor and
metabolic genes.

The next largest class of genes identified was growth
factors and cytokines. They are responsible for paracrine
and autocrine regulation of many cellular processes in-
cluding cell growth and apoptosis. Because our experi-
ments were performed on patient material rather than
hepatocyte cell lines, we identified genetic alterations not
only in hepatocytes but also in endothelial, fibroblast, and
inflammatory cell population. Thus, our list of growth fac-
tors and cytokines reflect the microenvironment that likely
promotes progression to HCC.

Among the smallest classes of genes identified were
the cell-cycle and signal transduction genes. Signal
transduction and the cell cycle are not necessarily tran-
scriptionally regulated and therefore might not be identi-
fied in mRNA-based microarray experiments.

Flt-3l has been shown to cause hematopoietic and bile
duct cell proliferation and differentiation.41,42 We found
the levels of flt-3l to be reduced in 9 of 11 MRNs and DNs
compared to surrounding cirrhotic tissue. Interestingly,
two samples show an inverse correlation between the
cDNA microarray and quantitative real-time RT-PCR. The
quantitative real-time RT-PCR method interrogates a
smaller (76 bp) cDNA region than the cDNA placed on
the microarray (480 bp). Splice variants have been doc-
umented in the 3� region of flt 3l that result in either a long
transmembrane or short soluble form. The cDNA microar-
ray would not necessarily distinguish between these two
forms, whereas quantitative real-time RT-PCR would.43,44

Because flt-3l has been shown to be expressed in inflam-
matory cells, a decrease in flt-3l might indicate a unique

inflammatory milieu within the nodules.25,45 It has been
established that the inflammatory cell populations in cir-
rhotic livers are quantitatively and qualitatively different
from those in peripheral blood.25,45

Sema E was originally identified through its role in
controlling axon migration.46 It has been implicated in
chemotherapy resistance independent of multidrug re-
sistance and is overexpressed in metastatic lung adeno-
carcinoma cell lines.26,27,46,47 Our analysis indicated an
increase in both multidrug resistance and Sema E ex-
pression, and this duel expression might explain the rel-
ative chemoresistance of HCC. Sema E has been found
to be overexpressed in lung adenocarcinoma cell lines
and in synovial cells from chronic inflammatory disease
patients.27,48 Sema E might play a role not only in the
tumor progression in the liver but might also be related to
the chronic inflammation seen in HCV-induced cirrhosis.
The understanding of the functions of the semaphorin
family of proteins is expanding to neoplastic processes
and our results suggest Sema E is involved early in hep-
atocellular carcinogenesis.27

The caveolin family of proteins are the principal com-
ponents of caveolae, plasma membrane invaginations
involved in endocytosis and signal transduction. Caveolin
has been suggested to act as a putative oncogene and
may be involved in drug resistance.49 Caveolin-1 mRNA
was up-regulated according to our cDNA microarray
analysis and immunohistochemical studies validated a
marked increase in caveolin-1 expression in MRNs and
DNs. The immunohistochemistry studies provided addi-
tional information by localizing caveolin-1 expression to
endothelial cells lining the hepatic sinusoids. Overex-
pression of caveolin-1 was recently demonstrated in
colonic adenocarcinoma and transitional cell car-
cinoma but not in corresponding normal epithelia,
suggesting caveolin-1 is associated with tumor pro-
gression.35,36 Taken together these data suggest that
alterations in caveolin expression maybe involved in
malignant progression.

A variety of changes in the IGF axis occur in HCC. On
the one hand IGF-binding proteins (IGF-BPs) have been
shown to inhibit proliferation by sequestering IGFs, while
on the other hand it has been suggested that they poten-
tiate proliferation by stabilizing IGF receptor binding.50

Conflicting reports regarding the change in expression of
IGF ligands, receptors, and binding proteins might in part
reflect differences between in vivo and in vitro systems.29

Studies with human liver samples have shown IGF-BP3 to
be methylated in HCCs.51 Loss of expression of IGF-BP3
might be an important step in hepatic tumor progression
because we found it to be markedly up-regulated in
MRNs and DNs. Overexpression of IGF-BP3 might be a
gatekeeper for the IGF axis which, when lost, leads to
tumor progression. However several IGF-BPs are likely to
be important in hepatocellular carcinogenesis, because
changes in multiple IGF-BPs have been documented in
preneoplastic foci in rat livers.52 Furthermore, the source
of IGF-BP3 is unclear because it appears to be secreted
from Kupffer, endothelial, and hepatic stellate cells.53,54

We also found increased expression of collagen IV, a
principal component of the basement membrane, in DNs
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and MRNs. Immunohistochemical stains revealed depo-
sition of collagen IV in the basement membrane of the
hepatic sinusoidal endothelial cells of MRNs and DNs,
beyond that which was evident in cirrhotic tissue. Using
electron microscopy, thickening of the basement mem-
brane has been documented in carcinogen-treated rat
liver nodules.55 Thickening of the basement membrane
results in alterations in endothelial cell permeability by
decreasing endothelial cell fenestrae. This offers another
potential mechanism to explain chemoresistance in HCC.
In addition, basement membrane thickening also has been
associated with changes in the vascularity or arterialization
of nodules. Neovascularization has been shown to be an
early marker of tumor progression, particularly in oral can-
cers.56 Our findings suggest alterations in the vascularity of
MRNs and DNs also correlates with early changes in hep-
atocellular carcinogenesis. Interestingly immunohistological
staining for collagen IV decreased in the HCC samples in
the tissue arrays. Loss of the basement membrane has
been shown to be associated with the late stage of tumor
invasion in other carcinomas.57–59

Finally, we identified a number of genes belonging to
pathways previously implicated in hepatocellular carci-
nogenesis. Our results extend earlier observations to the
earliest changes in hepatitis C-induced premalignant le-
sions. Epidermal growth factor, retinoblastoma, and IGF
pathways have been implicated in hepatocellular carci-
nogenesis. A change in the IGF pathway members is
documented in three other studies of hepatitis C-infected
livers using expression microarrays. Two studies docu-
ment specific change in IGF-BP3 levels similar to our
results.60,61 Loss of expression of the EGF receptor, such
as we report, was also identified in another HCC expres-
sion microarray study.62 Other reported altered genes,
such as the multidrug resistance protein and human can-
cer-associated surface antigen (RCAS1) agree with our
results and have specifically been shown to be markedly
up-regulated in established HCC.63–65

We also performed a hierarchical analysis (Figure 1)
primarily to determine whether the expression profiles of
the paired patient samples grouped into clinically impor-
tant groups. Reassuringly, duplicate patient samples
clustered together. However, the three DNs did not all
cluster closely together. Instead two of the DNs grouped
with a MRN suggesting molecular homogeneity between
DNs and MRNs. Review of the histology of these nodules
supports their initial morphological distinction. These nod-
ules seem to have greater morphological differences than
biological. A third DN (patient 7) was isolated from all other
patient cases, suggesting that it is biologically distinct al-
though not morphologically different from the other DNs.

In conclusion, we identified genes with marked and
consistent alteration in expression levels in MRNs and
DNs that arose in a single etiological background of
hepatitis C-induced end-stage liver disease. Because
MRNs and DNs are the earliest identifiable morphological
precursors with malignant potential, the identified genes
provide insight into to the understanding of the earliest
stages in hepatocellular carcinogenesis. The alteration in
expression of a selected subset of genes was used to
validate the cDNA microarray findings.
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