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Hepatocellular carcinoma is characterized by hypervascularity and a propensity for vascular invasion. Detailed
analysis of complementary DNA (cDNA) microarray global gene expression data and further validation on a
smaller independent sample set by reverse transcription-polymerase chain reaction established the presence of
two endothelial gene clusters in hepatocellular carcinoma. Cluster I, consists of 20 cDNA clones, representing
15 unique genes. Cluster II consists of nine unique genes. The expression of the cluster I genes appeared to be
significantly upregulated in hepatocellular carcinoma compared with normal liver, cirrhotic liver, or nontumor
liver tissues adjacent to the hepatocellular carcinoma. The pattern of gene expression of cluster I genes
correlated positively with the ‘proliferation gene cluster’ and ‘stromal cells cluster 2’. Expression of cluster II
genes, in contrast, was not significantly different between hepatocellular carcinoma and non-neoplastic liver
tissues. Studies conducted to localize the protein products of these genes by immunohistochemical staining of
tissue arrays with up to 350 cores of tissues, and by in situ hybridization led to the discovery of novel sinusoidal
endothelial cell markers in hepatocellular carcinoma: podocalyxin-like and regulator of G protein signaling-5.
Our results underscore fundamental differences not only between neoplastic vs non-neoplastic liver cells but
also between the hepatic sinusoidal endothelium of hepatocellular carcinoma and normal liver.
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Hepatocellular carcinoma (HCC) is the most com-
mon adult liver malignancy and ranks among the
top five causes of cancer death in the world.1

Chronic infection with hepatitis B virus (HBV) and
hepatitis C virus (HCV) are the most important risk
factors of HCC globally and in the United States.2

However, the molecular mechanism of this associa-
tion remains largely unknown.3 Patients with cir-
rhosis as a result of HBV or HCV infection are at
higher risk of HCC compared with those with less
advanced chronic liver disease.4 In the United
States, the incidence of HCC is 2.4 per 100 000 and
is rising.5 Treatment options for liver cancer are
currently very limited. Surgical resection or liver
transplantation for early stage tumors is considered

the only curative treatment in HCC.6 However,
because HCC tumors are generally asymptomatic
during the early stages, more than 80% of patients
have unresectable tumors at the time of diagnosis.7

Systemic chemotherapy and/or radiotherapy are not
effective treatment for HCC. Hence, HCC remains
one of the deadliest cancers with a 5-year survival
rate of only 5%.8

Endothelial cells line the normal hepatic sinu-
soid. These cells contain small fenestrations to
allow the free diffusion of macromolecules, but not
of large particles such as chylomicrons, between the
blood and the hepatocyte surface. Physiologically,
these cells play important roles in filtration and
endocytotic functions. They are also active in
trafficking secretory products of the hepatocytes.9,10

However, little is known about the molecular
basis for the formation and function of sinusoidal
endothelial cells.

Angiogenesis is required for a variety of physio-
logical processes as well as the growth and progres-
sion of tumor cells.11,12 During the past several years,
multiple factors, including vascular endothelial cell
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growth factor (VEGF) and angiopoietin, have been
associated with angiogenesis in HCC.13,14 Studies in
mouse tumor models showed that there could be
many differences in the structure of tumor vs normal
vessels. For example, tumor vessel walls could be
abnormally permeable as a result of endothelial
fenestrae, vesicles and transcellular holes, widened
interendothelial junctions, and discontinuous base-
ment membrane.15,16 All these defects may make
tumor vessels leaky, which may in turn facilitate
tumor metastasis.17 While there are fundamental
differences in endothelial cells in tumors and those
in normal human tissues, little is known about the
molecular biology of the endothelial cells in HCC.
Only a few well-characterized endothelial cell
markers, including CD34, CD31 and von Willebrand
factor (vWF), have been studied in HCC. CD34 is
known to be strongly expressed in the sinusoidal
endothelial cells in HCC by immunohistochemistry
(IHC) compared with nontumor liver tissues,
whereas antibodies against CD31 and vWF only
stain a small number of sinusoidal endothelial cells
in HCC and at lower intensity.18,19

Recent evidence suggests that the phenotypic
diversity of tumors is associated with corresponding
diversity in their gene expression programs. cDNA
microarray technology has been used to study gene
expression patterns in different tumor types and has
provided new insight into the development and
classification of these cancers. These studies also
help to elucidate novel clinical biomarkers for early
detection and prognostication.20–23 In our previous
study, we described the systematic characterization
of the global gene expression patterns in human
liver cancers using cDNA microarrays containing
23 000 clones, representing approximately 17 600
genes.24,25 We showed that each HCC has its own
distinct gene expression pattern, and HCC and
nontumor tissues can be readily distinguished based
on their global gene expression profiles. We were
able to identify a large number of genes that were
differentially expressed in HCC and nontumor
tissues, including a ‘proliferation cluster’ that was
upregulated in HCC and a ‘liver-specific cluster’ that
was downregulated relative to non-neoplastic liver.
Also, there appeared to be two endothelial gene
clusters that have not been studied. In this paper, we
report the detailed analysis and characterization of
these endothelial cell markers in HCC and nontumor
liver tissues.

Experimental methods

Liver Tissues and RNA Isolation

The liver tissues were obtained from surgical
resections or transplants performed at Stanford
University, CA, USA or Queen Mary Hospital, The
University of Hong Kong, Hong Kong, China. All
patients gave informed consent before surgery. This

study is approved by the Institutional Review Board
at Stanford University and the ethics committee of
The University of Hong Kong. All tissues were snap
frozen in liquid nitrogen within 0.5 h after the
surgery, and stored at �801C. Frozen liver samples
were used for cDNA microarray study and reverse
transcription-polymerase chain reaction (RT-PCR);
and paraffin-embedded samples were used for
IHC and in situ hybridization (ISH). Total RNA
was extracted from tissues using Trizol Reagent
(Invitrogen, Carlsbad, CA, USA). For microarray
analysis, messenger RNA (mRNA) was isolated from
total RNA using FastTract mRNA purification kit
(Invitrogen).

cDNA Microarray Procedure and Data Analysis

The method of complementary DNA (cDNA) micro-
array analysis of the liver tissues has already been
described.24 In this study, the array data were
retrieved for further analysis from the Stanford
Microarray Database (http://genome-www.stanford.
edu/microarray).26 All nonflagged array elements for
which the fluorescent intensity in each channel was
greater than 1.5 times the local background were
considered well measured. Genes for which fewer
than 75% of measurements across all the samples in
this study met this standard were excluded from
further analysis. In this study, 3964 cDNA clones,
representing about 3180 genes whose expression
level differed by at least three-fold in at least four
samples from their mean expression level across all
samples were analyzed. We applied a hierarchical
clustering algorithm both to the genes and arrays
using the Pearson correlation coefficient as the
measure of similarity, and average linkage cluster-
ing, as described.27 The results were visualized and
analyzed with the publicly available software
program TreeView (M Eisen; http://rana.lbl.gov).

To calculate the average correlation between gene
clusters, the expression levels of the 20 cDNA clones
in endothelial cell cluster I and the nine clones in
cluster II were averaged to obtain the average
expression vector. The Pearson’s correlation coeffi-
cient was then calculated for every clone in the
whole cluster (comprised of 3964 clones) against the
individual average expression vector. To obtain the
correlation curve, the moving average of 21 clones
was calculated and plotted against the main cluster
(along the vertical axis) as described.28

RT-PCR

RT-PCR was performed using ThermoScripte RT-
PCR system (Invitrogen). In brief, 1 mg of total RNA
was used in a 20ml reverse transcription assay. In all,
2ml of the reverse transcription product was subse-
quently used in the 25 ml PCR reaction. All PCR
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was performed at 52–551C annealing temperature for
25–32 cycles. The primer sequences for PCR for each
of the genes are available in Table 1.

Tissue Microarray Construction and IHC

IHC was performed as previously described using
microwave heat-induced epitope retrieval in citrate
buffer.29 In order to avoid interference from endo-
genous biotin, a biotin-free method, EnVisiont,
was used for amplification of the signal (Dako,
Carpinteria, CA, USA). The following available
antibodies were used: CD34 (Dako, 1:1000), vWF
(Dako, 1:400), and podocalyxin-like (PODXL) (AGI,
Sunnyvale, CA, USA; 1:600).

Tissue microarrays were constructed as pre-
viously described.30,31 We used two tissue micro-
arrays for this study. The first of these consisted of
archival tissue retrieved from the surgical pathology
files. This array contained 350 tissue cores each
measuring 0.6mm from 145 unique tissues. They
included: seven normal livers, eight cirrhotic livers,
48 hepatocellular carcinomas, and 82 control tissues
that included kidney, placenta, etc. The second
tissue microarray contained 30 larger 2mm cores
that represented 28 unique tissues. These included:
foir normal livers, one cirrhotic liver, 11 hepatocel-
lular carcinomas, and other control tissues.

Tissue arrays were scored using a four-tier scale:
0—negative, 1—insufficient or equivocal, 2—weak
staining, and 3—strong staining as previously
reported.32 Only strong, extensive staining of sinu-
soidal endothelium was scored as strong positive.
For the final data analysis, the average score for
duplicate or triplicate tissue cores was calculated.
Only the staining results of liver tissues (hepatocel-
lular carcinoma, cirrhosis, and normal liver)
were analyzed. Results of IHC on tissue microarrays
were evaluated using cluster analysis with the assis-
tance of the TMA-Deconvoluter.33 This software
permits modification of tissue microarray data for

hierarchical cluster analysis using the program
Cluster and display using the program TreeView.

Nonradioactive ISH of Paraffin Sections

Nonradioactive ISH was performed as described.34

Digoxigenin (DIG)-labeled sense and antisense RNA
probes were generated by PCR amplification of 400–
600 bp products with the T7 promoter incorporated
into the primers. In vitro transcription was per-
formed with DIG RNA labeling kit and T7 polyme-
rase according to the manufacturer’s protocol (Roche
Diagnostics, Indianapolis, IN, USA). Sections (5 mm
thick) were cut from the paraffin blocks, deparaffi-
nized in xylene, and hydrated in graded concentra-
tions of ethanol for 5min each. Sections were
incubated with 1% hydrogen peroxide, followed
by digestion in 10 mg/ml of proteinase K at 371C
for 30min. Sections were hybridized overnight at
551C with either sense or antisense riboprobes at
200ng/ml dilution in mRNA hybridization buffer
(Dako). The following day, sections were washed
in 2�SSC and incubated with 1:35 dilution of
RNase A cocktail (Ambion, Austin, TX, USA) in
2�SSC for 30min at 371C. Next, sections were
stringently washed in 2�SSC/50% formamide
twice, followed by one wash at 0.08�SSC at 501C.
Biotin-blocking reagents (Dako) were applied to the
section to block the endogenous biotin. For signal
amplification, a horseradish peroxidase (HRP)-con-
jugated rabbit anti-DIG antibody (Dako) was used to
catalyze the deposition of biotinyl-tyramide, fol-
lowed by secondary streptavidin complex (GenPoint
kit; Dako). The final signal was developed with DAB
(GenPoint kit; Dako), and the tissues were counter-
stained in hematoxylin for 15 s. The primer se-
quences used for the generation of probes are
available in Table 2. The scoring and clustering of
ISH of the liver tissue sections were the same as
described in IHC although the signal achieved by
ISH was often weaker than that seen by IHC.

Table 1 Primer sequences of RT-PCR

Gene name Forward primer Reserve primer

Actin TCGTGCGTGACATTAAGGAG ATGCCAGGGTACATGGTGGT
CD31 TAGCGCATGGCCTGGTTAGAG GGCGGTGCTCCCAAGTAGTCT
CD34 GCCTCCCAAGTTTTAGGAC GGCAACAGCTCAACCCA
CDH5 CCTGCCATGCCAGTAACTGT ATATCTTGGGTTCCTCTAAC
Col15A1 TTGTTGTTGAGTGTAAGATGTCCT AATTGTGGGGTGGGGGTTGG
EDG1 ACTGAGCCAAAGGTCTAGCAT TCGGCTTCAATGGATATG
FKBP12 TCAGCTTTGCTTCCGACA CCCAACACCAATTCCTATTCT
INTA7 TTGGGATGAAGAGGGTAGAGT GACTGATGGCAGCAAACTAAG
MSTP032 GGCAAACGAGAGCAATGACTA GTTGGACCCAAATATGTTAAA
PODXL AATTCCTTTCCCAGTTGT TTCTCAGTAAATTCCAGTGTA
RGS5 TCCACCTGCCCATAGTCA TGCAGGAAGCGAAATAGTGAA
SPARCL1 TGGCACTGACAATCAGACCTA TCAAAGAAACGGGTTAT
vWF CATGACACTGAAGCGTGATGA GCCTGGCAGTGATGTCGTT
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Results

Identification of Distinct Endothelial Gene Clusters by
cDNA Microarray Analysis

As described in an earlier overview on the global
gene expression profile of HCC, there appeared to be
two distinct endothelial gene clusters in our
analysis of HCC and non-HCC liver tissues20

(Figure 1a and b). The entire list of the 29 cDNA
clones that have not been previously published are
shown in Table 3. One of the endothelial gene
clusters, designated cluster I, consists of 20 cDNA
clones, representing 15 unique genes. The second
cluster, designated cluster II, consists of nine unique
genes (Table 3). Apart from the well-known endo-
thelial cell markers, CD34 and vWF, the expression
of the other genes identified in both clusters have
not been studied in HCC. They include genes whose
expression in endothelial cells is either known or
unknown. THY1 and SPARCL1 (also known as
hevin), were identified as colon cancer endothelial
cell markers using serial analysis of gene expression
(SAGE).35 COL15A1 was reported to stain capillary
endothelium.36,37 Endothelial differentiation gene 1
(EDG1) was cloned from human umbilical vein
endothelial cells and was implicated in differentia-
tion of endothelial cells and vascular matura-
tion.38,39 PODXL, a transmembrane protein with a
similar structure to CD34, is expressed in the foot
processes of glomerular podocytes and endothelial
cells of normal kidney.40,41 Genes whose expression
has not been described in endothelial cells include
RGS5 and MSTP032.

With clustering analysis, cluster I genes are found
to be highly expressed in HCC, whereas cluster II
genes showed variable expression patterns in both
neoplastic and non-neoplastic liver tissues (Figure
1b). Using the microarray data from 58 patients
where paired HCC and adjacent nontumor liver
samples were analyzed, the average gene expression
level for each endothelial cell cluster was measured
for both HCC and the paired nontumor liver tissues.
For each endothelial cluster, the gene expression
ratio for HCC vs nontumor liver tissue was calcu-
lated for each patient as represented in Figure 2a
and b. Gene expression ratio for cluster I genes in
paired HCC: nontumor liver was greater than 1.5 in
50/58 or 86.2% (Figure 2a). The average ratio was
2.74, corresponding to an almost three-fold higher
expression level of cluster I genes in HCC compared
with the matched nontumor liver tissues from the

same patient (Figure 2b). In contrast, the gene
expression ratio for cluster II genes in HCC vs
nontumor tissues was quite variable. Only 20/58 or
34.5% showed an HCC/nonliver tissue ratio greater
than 1.5 (Figure 2a), and the average ratio was 1.34
(Figure 2b).

In an attempt to identify features in the global
gene expression cluster that may be associated with
the expression profiles of the two endothelial cell
clusters, we calculated correlation coefficients for
the association of each gene expression pattern with
the average expression vector of each cluster. The
resulting correlation curves, plotted as moving
averages (window size¼ 21 genes), are displayed to
the right in Figure 1a. We found that the genes in
cluster II did not correlate with any other gene
expression patterns in the global cluster. However,
interesting correlations were observed with genes in
cluster I. The genes in cluster I correlated positively
with the ‘proliferation cluster’ and ‘stromal cells
cluster 2’ (red arrows) and correlated negatively
with ‘liver-specific gene cluster’ and ‘stress response
cluster’ (green arrows).

RT-PCR Analysis for the Expression Patterns of
Endothelial Cell Markers in an Independent
Sample Set

To validate the differential expression pattern of
endothelial genes in HCC found on microarray
analysis, we studied an independent sample set of
an additional 16 samples (frozen HCC and adjacent
nontumor liver tissue from eight patients) by RT-
PCR. None of these samples were assayed in the
cDNA microarray study. Five cluster I genes (CD34,
Col15A1, MSTP032, PODXL, regulator of G protein
signaling-5 (RGS5) and five cluster II genes (INTA7,
hevin, EDG1, CDH5, vWF) were tested, and actin
was used as an RNA loading control (Figure 3). The
expression of CD31, a well-characterized endothe-
lial cell marker, and FKBP12, a recently identified
endothelial cell marker were also assayed.32

We found that the RT-PCR analysis in this
independent sample set correlated with the differ-
ential endothelial genes expression pattern found by
cDNA microarray analysis. Neither CD31 nor
FKBP12 showed variable expression between HCC
and nontumor liver tissues by RT-PCR, consistent
with their expression patterns found in microarray
analysis. As in the microarray analysis, there was a
striking similarity between the expression levels of

Table 2 Primer sequences for generating probes of ISH (not including T7 promoter sequence)

Gene name Forward primer Reverse primer

RGS5 TACTGTCCGAAGGCCTTCTT GTCTAGCAGCATAAATACAT
MSTP032 ATCACTTACACATCCCAAAA CACTTCTACTTCATTCTCCT
CDH5 AATTCATTCTGGAGGGGCAG ACAATCCCTTGCAGTGTGAG
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the five cluster I genes. In six of the eight (75%)
HCC/nonliver tissue pairs, there was significantly
higher expression of these genes in the HCC samples
compared with the corresponding nontumor liver

tissues. On the other hand, the expression levels of
cluster II genes appeared to be much more variable,
corresponding to the pattern seen in the microarray
studies. Therefore, with RT-PCR, we were able to

Figure 1 (a) Global gene expression patterns of liver tissues. Hierarchical clustering of the patterns of variation in expression of 3964
cDNA clones in 156 liver tissues (74 nontumor liver and 82 HCC) is shown to the left. The data are in a table format, in which rows
represent individual genes and columns represent individual tissue sample. The color in each cell reflects the expression level of the
corresponding gene in the corresponding tissue, relative to its mean expression level across the entire set of tissue samples. The scale
(lower left corner) extends from fluorescence ratios of 0.25 to 4 relative to the mean level for all samples. Gray indicates missing or
excluded data. Clusters corresponding to each individual feature of the expression patterns in liver tissues are labeled. The complete data
set is available at the website: http://genome-www.stanford.edu/hcc/supplement.shtml, and http://genome-www5.stanford.edu/cgi-bin/
SMD/publication/viewPublication.pl?pub_no¼ 107. The correlation values of each of the endothelial cell clusters are plotted as moving
average of 21 genes (along the vertical axis) to the right. The blue line represents the moving average correlation to the average vector of
genes in cluster I, whereas the pink line represents the moving average correlation to the average vector of genes in cluster II. The red
arrows indicate positive correlations, and green indicates negative correlations. (b) Expanded view of endothelial cell cluster genes. The
data are the same as (a), and only some of the gene names are shown due to the space limit. See Table 3 for the complete list of the genes.
Part of Figure 1a and b published previously24 is reproduced with the permission by the American Society for Cell Biology.
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Table 3 List of clones in endothelial cell clusters

Clone ID Gene symbol/gene name Accession number

HCC endothelial cell cluster I
IMAGE:309826 LAMA4 laminin, alpha 4 N94616
IMAGE:290378 PODXL podocalyxin-like N64508
IMAGE:809901 COL15A1 collagen, type XV, alpha 1 AA455157
IMAGE:1323785 THY1 Thy-1 cell surface antigen AA877226
IMAGE:81475 EST T63511
IMAGE:769686 THY1 Thy-1 cell surface antigen AA428836
IMAGE:1926620 THY1 Thy-1 cell surface antigen AI346653
IMAGE:769959 COL4A2 collagen, type IV, alpha 2 AA430540
IMAGE:293917 SPARC, osteonectin N66035
IMAGE:250654 SPARC, osteonectin H95959
IMAGE:487878 SPARC, osteonectin AA045463
IMAGE:882506 LOXL2 lysyl oxidase-like 2 AA676458
IMAGE:1584541 EST AA972348
IMAGE:341805 MSTP032 W60845
IMAGE:853809 RGS5 regulator of G-protein signalling 5 AA668470
IMAGE:271038 RGS5 regulator of G-protein signalling 5 N34362
IMAGE:898300 EST AA598822
IMAGE:666279 EST AA233805
IMAGE:666298 EST AA232840
IMAGE:770858 CD34 CD34 antigen AA434387

HCC endothelial cell cluster II
IMAGE:377671 ITGA7 integrin, alpha 7 AA055979
IMAGE:79190 EST AI821019
IMAGE:840486 vWF von Willebrand factor AA485883
IMAGE:823871 SPARCL1 SPARC-like 1 (mast9, hevin) AA490471
IMAGE:824659 ICA1 islet cell autoantigen 1 AA482169
IMAGE:49710 LAMP1 lysosomal-associated membrane protein 1 H28973
IMAGE:26418 EDG1 endothelial differentiation gene 1 R13546
IMAGE:781468 EST AA431105
IMAGE:69672 CDH5 cadherin 5, VE-cadherin T53625

Figure 2 Relative gene expression patterns of endothelial cell cluster genes in nontumor and HCC patients. (a) Histogram of HCC/
nontumor liver ratio. Each bar represents the relative ratio of HCC/nontumor liver (from the same patient) of the average value of the
cluster I genes (upper) and cluster II genes (lower). The patients are sorted according to the ratio of HCC/nontumor liver in cluster I genes,
and displayed in the same order for cluters II genes. The dashed line represents that the average expression is 1.5-fold in HCC samples
compared with the corresponding nontumor samples, which we used as an arbitrary cutoff for genes highly expressed in HCC. (b) The
distribution of ratio of paired HCC/nontumor liver displayed as boxplots. The upper and lower boundaries of the box represent the
interquartile range (IQR: the range between 25th and 75th percentiles), the line in the middle of the box represents the median. The upper
and lower lines are 1.5� IQR. Values over or above 1.5IQR are plotted individually.
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demonstrate using an independent sample set that
the cluster I genes were significantly overexpressed
in HCC samples. This result further demonstrates the
robustness of the microarray technology to capture
new gene expression signatures in tumor tissues.

Immunohistochemical Staining of Endothelial Cell
Markers on Tissue Sections

We next investigated the expression patterns of
these endothelial cell markers at the protein level in
both conventional tissue sections and tissue micro-
arrays. Three markers with available antibodies for
immunohistochemical staining were studied:
PODXL, CD34 (from cluster I) and vWF (from cluster
II). PODXL has only been shown to be expressed by
foot processes of glomerular podocytes and en-
dothelial cells of normal kidney.40,41 The expression
pattern of PODXL in liver tissues has not been
reported.

Conventional tissue sections from 27 liver tissue
samples obtained from 17 patients were used for
immunohistochemical staining. They included
paired HCC and adjacent cirrhotic liver samples
from 10 patients, HCC from two patients, and
normal liver samples from five patients. The results
are shown in Table 4a and representative images are
displayed in Figure 4. Among the 12 cases of HCC,
PODXL showed diffuse, strong positive sinusoidal
endothelial staining in eight, and focal staining in
three cases. Only one case of HCC showed negative
staining. PODXL was negative in all five normal

livers and 8/10 paired cirrhotic tissues. Only two
cirrhotic livers showed focal sinusoidal staining for
PODXL. CD34, the other endothelial gene in cluster
I, showed a staining pattern that was similar to
PODXL (Table 4a). In contrast to the staining pattern
of PODXL and CD34, staining for VFW, a cluster II
gene product, was highly variable in HCC and non-
HCC liver tissues. VFW was strongly or focally
positive in 2/5 normal livers, 4/10 cirrhotic livers,
and 5/12 HCC.

Immunohistochemical Staining of Endothelial Cell
Markers on Tissue Microarrays

Tissue microarrays that contained 350 tissue cores
were then used to assay the expression patterns of
these three endothelial cell markers. The staining
patterns of 63 liver samples contained in the tissue
arrays, including seven normal livers, nine cirrhotic
livers, and 47 HCC were graded and a hierarchical
clustering algorithm was applied for analysis (Fig-
ure 5a). Hierarchical analysis of the tissue array data
directly corresponded to the pattern seen in gene
expression or cDNA microarray analysis: CD34 and
PODXL coclustered together in their staining pat-
terns, while vWF was located in a separate branch.

Hierarchical analysis of the tissue microarrays
also showed that the 63 liver tissues segregated into
two branches (branches I and II, Figure 5a). Branch I
consisted of liver tissues with strong positive
staining for all three markers or for both CD34 and
PODXL. Branch II contained liver tissues largely
with negative staining for all three markers or strong
staining for vWF. In total, 37/37 or 100% of the liver
tissues in branch I were HCC. In contrast, 16/26 or
61.5% of the liver tissues in branch II were
nontumor liver tissues. The distribution of HCC
and nontumor liver tissues between branches I and
II based on their pattern of staining for PODXL,

Figure 3 Confirmation of the endothelial cell markers identified
from the microarray array experiments using RT-PCR. RT-PCR was
used to analyze eight pairs of nontumor (N) and HCC (T) samples
for five cluster I genes, five cluster II genes, and two other endo-
thelial cell markers. None of those samples has been previously
assayed by microarray. Actin is used as a loading control.

Table 4 IHC (a) and ISH (b) using conventional sections

(a) IHC

Endothelium from CD34 vWF PODXL

Normal liver (n¼ 5) 0 1str 1foc 0
Cirrhosis (n¼10) 4foc 4str 1foc 2foc
Hepatocellular carcinoma
(n¼12)

10str 1 foc 2str 3foc 8str 3foc

(b) ISH

Endothelium from MSTP032 RGS5 CDH5

Normal liver (n¼ 1) 0 0 1foc
Cirrhosis (n¼3) 0 0 2str
Hepatocellular carcinoma
(n¼3)

2str 1foc 2str 1foc 2str 1foc

str¼diffuse strong staining of sinusoidal endothelial cells;
foc¼ focal or weak staining of sinusoidal endothelial cells.
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CD34, and VFW is highly statistically significant
(Po0.001 by Fisher’s exact test).

ISH Study of Novel Endothelial Cell Markers

MSTP032 and RGS5 were two cluster I genes that
have not been reported to be associated with
endothelial cells. RGS5 is a signal transduction
molecule that has structural homology to SST2
of S. cerevisiae and EGL-10 of C. elegans. It has

been shown to be expressed at high levels in heart,
lung, skeletal muscle, and small intestine.42 Since
there are no antibodies available for immunohisto-
chemical staining, we used ISH to evaluate the
expression of these two novel endothelial cell
markers in HCC and nontumor liver tissues. In this
study, we assessed the expression of MSTP032 and
RGS5 (two cluster I genes) with CDH5, a cluster II
gene. The results of ISH of the three genes in seven
conventional liver sections (three HCC, three

Figure 4 Immunohistochemical staining of endothelial cell markers. (a), (c), and (e) are normal liver sections; whereas (b), (d), and (f) are
HCC sections. (a) and (b) were stained with anti-CD34 antibody (cluster I); (c) and (d) with anti-PODXL antibody (cluster I); (e) and (f)
with anti-vWF antibody (cluster II). Both of the cluster I antibodies show strong staining of the endothelium between the trabeculae of
malignant hepatocytes (b, d), but fail to stain the sinusoids in the normal liver (a, c). The antibody against vWF, in contrast, stains the
endothelium in the normal liver but fails to highlight the endothelium in the HCC.
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cirrhotic, and one normal liver samples) are
summarized in Table 4b.

ISH showed that RGS5 is not expressed in the
sinusoidal endothelial cells in the non-tumor liver
tissues; but its mRNA can be readily detected in
the sinusoidal endothelial cells in HCC samples
(Figure 6a and b). We found likewise, MSTP032
mRNA is not expressed in the normal sinusoidal

endothelial cells, but is present in the sinusoidal
endothelial cells in HCC samples (Figure 6c and d).
The expression patterns of RGS5 and MSTP032
detected by ISH were similar to those observed by
immunohistochemical staining of other cluster I
genes, including PODXL and CD34. In comparison,
CDH5 (present in cluster II) was detected in the
sinusoidal cell of the normal liver, two of three cases
of cirrhosis, and all three cases of HCC (Table 4b and
Figure 6e and f).

We next clustered the seven liver samples with
immunohistochemical and in situ staining of all six
markers (Figure 5b). Strikingly, the hierarchical
clustering on tissue sections showed a similar
picture to the cDNA microarray clusters. All four
cluster I genes clustered together, whereas the two
cluster II genes clustered on a different branch.
Furthermore, all three HCC samples clustered
together and the four nontumor liver samples
formed a separate cluster. As a whole, our data
highlight the power of combining the quantitative,
high-throughput cDNA microarray technique to
identify novel genes with the traditional pathologic
techniques of IHC and ISH to localize expression
precisely to individual cell types. The utility of the
TreeView software program in the analysis of IHC
and ISH data is also underscored.

Discussion

In this study, we report the analysis of the expres-
sion patterns of two endothelial cell cluster genes in
HCC using cDNA microarray, RT-PCR, IHC and ISH.
We found new sinusoidal endothelial markers in
HCC: PODXL, and RGS5. Both are genes found in
cluster I which are highly expressed in HCC
compared with nontumor liver samples. Cluster II
genes, in comparison, has a variable expression
pattern in liver tissues.

Interestingly, in the global analysis of the gene
expression in HCC, the expression patterns of
cluster I endothelial genes correlated positively
with the ‘proliferation cluster’ and ‘stromal cells
cluster 2’, and correlated negatively with ‘liver-
specific gene cluster’ and ‘stress response cluster’.
The ‘proliferation cluster’ comprises genes whose
functions are required for cell cycle progression,
including CDC2, CDC20, and PCNA. The ‘liver
specific gene cluster’ is comprised of genes that
are highly expressed in differentiated hepatocytes,
for example, cytochrome P450, alcohol dehydro-
genase and albumin, etc. The high expression of
‘proliferation cluster’ genes and the low expression
of ‘liver specific cluster’ genes may represent a
hyperproliferative and dedifferentiated state in HCC
compared with nontumor liver tissues. And the
associated upregulation in cluster I genes may
reflect the corresponding alterations in the sinusoi-
dal endothelial cells during malignant transforma-
tion. For example, the sinusoidal endothelium of the
normal liver is designed to facilitate the exchange of

Figure 5 (a) Hierarchical clustering of the staining patterns of 63
liver samples using CD34, vWF, and PODXL. The data are shown
in a table format, in which rows represent liver samples and
columns represent antibodies. The color scale represents the
relative staining patterns of each sample, and is depicted on the
lower right side. The sample type (normal liver, cirrhosis, or HCC)
is displayed between the cluster and dendrogram and annotated
on the upper right corner. (b) Hierarchical clustering of the
staining patterns of seven liver tissues using IHC and ISH.
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compounds with the blood such that liver-specific
functions can be performed, while, in contrast, the
sinusoidal endothelium in HCC may have a more
primitive function to perfuse the growing tumor.
The changes in the sinusoidal endothelium in HCC
may also help to account for the characteristic
‘tumor blush’ seen on hepatic angiograms.

The positive correlation of cluster I genes with
stromal cell cluster 2, which included COL1A2 and
COL3A1, may be related to expression of cluster I
genes by stromal cells. In fact, some of the cluster I
genes, including SPARC, THY1 and COL4A2, were
found to be expressed in human fibroblast as well as
endothelial cells using cDNA microarrays.43 With in

Figure 6 ISH analysis of endothelial cell markers in liver tissues. Riboprobe was used and brown grains denote positive signals. (a), (c), and
(e) are normal liver sections; whereas (b), (d), and (f) are HCC sections. (a) and (b) were stained with antisense probe of RGS5 (cluster I); (c)
and (d) with antisense probe for MSTP032 (cluster I); (e) and (f) with antisense probe CDH5 (cluster II). All sense control probes for each
gene showed no signal (data not shown). The cluster I genes, RGS5 and MSTP032, show strong expression in the endothelium of the HCC
but not in the normal liver, whereas the cluster II gene, CDH5, shows strong expression in both the HCC and in the normal liver sinusoids.
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situ hybridization, we indeed found the expression
of these three genes in both the endothelial cells and
stromal cells in HCC (Figure 7). Genes in the ‘stress
response cluster’, which was negatively correlated
with cluster I genes, included FOS, JunB, and EGR1.
It is possible that alteration of gene expression
patterns of the sinusoidal endothelial cells in HCC
was associated with increased blood flow to tumor
tissues, making the HCC samples less sensitive to
environmental stress compared with surrounding
normal tissues. This may result in a negative
correlation between the expression of cluster I genes
and ‘stress response cluster’ genes.

In our study, we found that the normal sinusoidal
endothelium in the liver is less likely to express the
conventional vascular markers that are strongly
expressed by the endothelium that lines the larger
arteries and veins. This finding suggests that the
functions performed by these different endothelial
cells differ and hence the different gene expression
profiles of the endothelium in each different setting.
Our current understanding of endothelial cell
diversity is still very limited. A recent study
revealed the heterogeneity among endothelial cells
by using cDNA microarrays to profile gene expres-
sion patterns of endothelial cells from different parts
of the body. The study identified several groups of
genes with tissue-restricted expression among endo-
thelial cells, and suggested that different tissues
have specialized endothelial cells with distinct gene
expression profiles that may be important for their
physiological functions and development.44 Sinu-
soidal endothelial cells in liver are highly specia-
lized, containing many small fenestrations to allow
the free diffusion of substances between the hepato-
cytes and the peripheral blood.10 It would be
interesting and important to isolate these sinusoidal
endothelial cells45 and compare the gene expres-
sion patterns of these hepatic sinusoidal endothelial
cells with endothelial cells from different parts of
human body. This would certainly help to illustrate
the molecular function, as well as the molecular
differentiation program of these specialized en-
dothelial cells in both normal livers and HCC.

This study focused on the expression of the
endothelial cell markers of primary HCC compared
with normal and cirrhotic livers. It would be
interesting to expand the study to examine other
primary malignant and benign liver tumors (such as
fibrolamellar HCC, hepatoblastoma, cholangiocarci-
noma, adenoma, focal nodular hyperplasia, heman-
gioma), secondary metastatic tumors to the liver, as
well as HCC that has spread to distant sites. We
believe that the approach of studying gene expres-
sion profiles using cDNA microarrays, coupled with
validation using RT-PCR, IHC, and ISH will provide
a comprehensive analysis and comparison of the
endothelial cell markers between these tumors.

In the recent years, significant progress has been
made in the field of tumor angiogenesis. However,
most studies have focused on endothelial growth
factors and their downstream signaling path-
ways.16,46 Little is known about the molecular
signature of the endothelial cells that line the blood
vessels in tumors. St Croix et al35 reported the
isolation of endothelial cells from human colorectal
tumors and identified several tumor endothelial
markers (TEMs) in these cells using SAGE. Further
analysis of TEMs in mouse tumors, embryos, and
adult tissues revealed that many of them were
expressed at high levels in tumor vessels and in
the vasculature of the developing embryos, but not in
endothelial cells from adult tissues.47 These studies
clearly demonstrated that endothelial cells in tumor

Figure 7 ISH shows that COL4A2, SPARC, and THY1 are
expressed in both endothelial cells and stromal cells in HCC.
Riboprobe was used and brown grains denoted positive signals.
From the top are antisense probe staining of COL4A2, SPARC, and
THY1, respectively. Arrowheads indicate endothelial cell stain-
ing, whereas arrows indicate stromal cell staining.
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tissues have distinct molecular markers. Here, we
report the identification of novel endothelial cell
markers that are highly expressed in HCC, including
PODXL, RGS5, and MSTP032. Our study has further
expanded the tumor endothelial cell marker pool.
Further investigation of these tumor endothelial cell
markers will help achieve a better understanding of
the mechanisms involved in tumor angiogenesis.

There have been reports that quantitation of intra-
tumor microvessel density (MVD) using endothelial
cell markers may be used as a prognostic marker in
various types of tumors, including breast, colon, and
pancreatic cancer.48–50 In HCC, several groups have
reported that high tumor MVD by CD34 or vWF
immunostaining may serve as an adverse prognostic
marker for HCC less than 5 cm.51,52 Some suggested
that higher tumor MVD may predispose to micro-
metastasis and tumor angiogenesis may be one of the
most important factors to influence tumor recur-
rence of small HCC. Therefore, it would be interest-
ing to assess whether the MVD measured with the
novel markers reported in the current study may
prove to be a better and more reliable prognostic
marker than CD34. Alternatively, one or more of the
novel sinusoidal endothelial markers may enhance
the predictive value when used in combination with
CD34.

The identification of endothelial cell markers that
are highly expressed in HCC may have other
potential applications in the diagnosis and treat-
ment of HCC. One example is in the field of
molecular imaging. Early detection and early surgi-
cal resection is highly correlated with survival rate
in HCC patients. Unfortunately, current screening
methods using serum alpha-fetoprotein and imaging
technologies such as CAT scan and MRI still miss a
significant number of small HCC.53 There is a great
need for more sensitive and specific imaging
technology for the accurate and early diagnosis of
HCC. Radioimmunoscintigraphy (RIS) is a relatively
new and rapidly developing new technology that
takes advantage of the antibody specificity of tumor
surface antigens and of the emitted radiation from
suitable radioisotopes as the mean of imaging.54 One
of the most crucial steps towards the success of RIS
is the choice of antibodies that can recognize tumor-
specific antigens. Antibodies against these protein
products of the novel endothelial cell markers may
therefore be useful in RIS and provide a more
specific and sensitive method for the detection and
treatment of HCC.
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