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HCC is a common and aggressive malignant tumor with espe-

cially high prevalence in Asia and Africa and relatively low

prevalence in Europe and North America1,2. Recent studies indi-

cate that the incidence of HCC in the US and UK has increased

substantially over the last two decades3,4. Although routine

screening of individuals at risk for developing HCC may extend

the life of some patients, many are still diagnosed with advanced

HCC and have little chance of survival5–9. A small subset of HCC

patients qualifies for surgical intervention, but the consequent

improvement in long-term survival is only modest10,11. The ex-

tremely poor prognosis of HCC is largely the result of a high rate

of recurrence after surgery or of intra-hepatic metastases that de-

velop through invasion of the portal vein or spread to other

parts of the liver; extra-hepatic metastases are less common12,13.

These data indicate that the liver is the main target organ of

HCC metastasis. The portal vein is the main route for intra-

hepatic metastases of HCC cells in animal model systems and in

human patients14–16. This feature of HCC underscores the need to

develop an accurate molecular profiling model to improve diag-

nosis and identify therapeutic targets for the treatment of HCC

patients with intra-hepatic metastases.

Current studies have been largely focused on individual candi-

date genes17–19, an approach that may be insufficient to precisely

define the genetic basis of metastatic HCC. Microarray technol-

ogy allows us to examine disease-related gene expression on a

global genome scale20. This approach has resulted in successful

molecular classification of several human malignant tumors

with respect to their stage, prognostic outcome or response to

therapy21–26. A few reports have dealt with the gene expression

profiles of primary HCC samples27,28, but little is known about

the molecular signature associated with a poor prognosis for

metastatic HCC.

We applied cDNA microarray–based gene expression profiling

to investigate the global changes associated with HCC metasta-

sis. Our initial goal was to identify genes that distinguish pri-

mary tumors from their matched intra-hepatic metastatic

lesions. Unexpectedly, we found that the intra-hepatic metasta-

tic lesions were indistinguishable from their primary tumors, re-

gardless of tumor size, encapsulation and age of patient. Primary

metastasis-free HCC was distinct from primary HCC with metas-

tasis. These data indicate that changes favoring intra-hepatic

metastasis are initiated in the primary HCC. In addition, we

showed that osteopontin, a secreted phosphoprotein, is a signif-

icant factor in HCC metastasis. Osteopontin over-expression

correlated with metastatic potential of primary HCC and with

invasiveness of liver tumor–derived cell lines in vitro. An osteo-

pontin-neutralizing antibody efficiently blocked in vitro inva-

sion and in vivo pulmonary metastasis of HCC cells. Our studies
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Hepatocellular carcinoma (HCC) is one of the most common and aggressive human malignan-

cies. Its high mortality rate is mainly a result of intra-hepatic metastases. We analyzed the ex-

pression profiles of HCC samples without or with intra-hepatic metastases. Using a supervised

machine-learning algorithm, we generated for the first time a molecular signature that can clas-

sify metastatic HCC patients and identified genes that were relevant to metastasis and patient

survival. We found that the gene expression signature of primary HCCs with accompanying

metastasis was very similar to that of their corresponding metastases, implying that genes fa-

voring metastasis progression were initiated in the primary tumors. Osteopontin, which was

identified as a lead gene in the signature, was over-expressed in metastatic HCC; an osteopon-

tin-specific antibody effectively blocked HCC cell invasion in vitro and inhibited pulmonary

metastasis of HCC cells in nude mice. Thus, osteopontin acts as both a diagnostic marker and a

potential therapeutic target for metastatic HCC.
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identify osteopontin as both a molecular marker for defining

HCC patients with metastatic potential and a potential thera-

peutic target for metastatic HCC.

Metastatic lesions are identical to primary tumors

To define the specific changes associated with metastatic pro-

gression, we compared gene expression profiles of 67 primary

and metastatic HCC samples from 40 patients. We assessed

intra-hepatic spread (group P) or tumor thrombi in the portal

vein (group PT), as well as matched metastatic lesions (P-M or

PT-M, respectively) and corresponding non-cancerous liver tis-

sues. Initial analysis included 50 primary and metastatic tumor

samples from 30 randomly selected patients (ten in metastasis-

free HCC group PN, ten in group PT and ten in group P; see

Supplementary Note online). In contrast, the unsupervised hier-

archical clustering algorithm (which used either all 9,180 genes

or ∼ 2,487 genes after those not significantly more variable than

the median at P < 0.01 were excluded) did not yield any mean-

ingful classification that corresponded to predefined clinical

groups (Supplementary Fig. 1 and data not shown). Similar re-

sults were obtained with a 107-gene set

from a two-fold cutoff filter (see

Supplementary Fig. 2 online). These re-

sults imply that primary and metastatic

HCC differ by a relatively small subset of

genes, but the gene clustering algorithm

may be dominated by variations among

many other genes, thus hindering classi-

fication.

To search for such small differences,

we applied a supervised class compari-

son analysis with univariate F-tests and

a global permutation test to define

genes that were differentially expressed

among predefined clinical groups. A

comparison of five clinical groups (P, P-

M, PT, PT-M and PN) yielded a total of 

143 significant genes (P < 0.0005).

Multidimensional scaling analysis,

based on the first three principal com-

ponents of these genes, showed that the

PN samples were distinct from the re-

maining samples, whereas the P, P-M,

PT and PT-M samples were indistin-

guishable (Fig. 1a). Unexpectedly, the

gene expression profiles of primary and

matched metastatic HCC tumors were

not significantly different. Similar re-

sults were obtained when a class com-

parison was applied only to primary

HCC samples with 383 significant genes

(P < 0.0005; Fig. 1b). Thus, primary

metastasis-free HCC has a gene expres-

a b

Fig. 1 Classification of hepatocellular carcinoma, with or without metastasis, by gene expres-

sion. a, Multidimensional scaling analysis of 50 primary and metastatic HCC samples using 143

significant genes (P < 0.0005) from supervised class comparison analysis of all 5 clinical groups

(P, P-M, PT, PT-M and PN). Axes represent first 3 principal components of these genes. Blue, P;

black, P-M; green, PN; red, PT; yellow, PT-M. b, Hierarchical clustering of 30 primary HCC sam-

ples from P, PT and PN groups using 383 significant genes (P < 0.0005) derived from supervised

class comparison. Dendrogram has 2 large branches. Green, PN; red, PT; blue, P.

Table 1 Performance of classifier during ‘leave-one-out’ cross-validationa

Classifier Clinical Total number Number of cases Classifier Number of genes 

category groups of cases misclassified P value in the classifiers

PN vs. PT PT 10 0 <0.0005 153

PN 10 0

PN vs. P PN 10 1 <0.0005 157

P 10 0

PN vs. P and PT PN 10 2 <0.001 256

P and PT 20 0

P vs. PT P 10 3 0.216 20

PT 10 4

PT vs. PT-M Paired samples 10 3 0.296 1

P and PT vs. Paired samples 20 5 0.132 7

P-M and PT-M

P vs. PT-M P 10 4 0.248 14

PT-M 10 3

PT vs. P-M PT 10 2 0.163 9

P-M 10 4

Tumor >5 cm 16 7 0.234 7

diameter ≤5 cm 14 4

Ages >45 years 17 5 0.334 4

≤45 years 13 7

Tumor Presence 9 2 0.037 13

encapsulation Absence 21 4

Cirrhosis Presence 14 7 0.798 1

Absence 6 6

aCCP was used to classify various clinical groups with a total of 9,180 genes at a significance level of P = 0.001. Classifier
was based on 2,000 random permutations. Expected number of false-positive genes in classifier is 10.
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sion profile markedly different from that of primary HCC with

metastatic lesions.

To further define a gene set that could accurately classify

metastatic HCC, we used a supervised machine-learning classi-

fication algorithm known as compound co-variate predictor

(CCP). This algorithm includes a ‘leave-one-out’ cross-valida-

tion test to avoid the statistical problem of over-estimating pre-

diction accuracy that occurs when a model is trained and

evaluated with the same samples29. This analysis also creates a

multivariate predictor for determining which one of the two

classes a given sample belongs to, and a gene list that is univari-

ately significant at a given level of statistical significance. We

applied CCP to various pairs of 50 HCC samples from 30 pa-

tients (Table 1). Again, we found no significant difference be-

tween primary HCCs and their matched metastatic lesions.

Gene expression profiles in P and PT samples were almost iden-

tical to their paired metastatic P-M and PT-M samples.

Similarly, no significant difference could be found between P-M

and PT-M (see Supplementary Table 1 online).

We accurately classified primary tumors (100%) from ten PN

and ten PT samples with a total of 153 significant genes in the

classifier. The cross-validated misclassification rates were signifi-

cantly lower than expected by chance (P < 0.0005; Table 1).

Similar results were obtained when PN was compared with P and

when PN was compared with P and PT (Table 1). Again, no sig-

nificant difference was observed among P, PT, PT-M and P-M.

Moreover, no significant difference was found with age, tumor

size, tumor encapsulation or cirrhosis (Table 1 and

Supplementary Table 1 online). Thus, it appears that primary

and metastatic tumors have a similar gene expression signature

whereas metastasis-free primary HCC is distinct from metastatic

primary HCC.

Predicting metastatic HCC samples

CCP analysis of PN and PT samples generated a classifier con-

taining 153 genes with weights that can be used to predict new

samples (see Supplementary Table 2 online). We applied these

weights to a test set containing 20 primary HCCs (15 P, 2 PT and

3 PN patients). Calculated ‘weighted voting’ of L values with

metastatic samples yielded negative values; non-metastatic 

samples yielded positive values (Fig. 2). All test samples, with the

exception of one P sample (patient S29), were classified in the

metastatic group (Fig. 2a). However, patient S29 was more 

similar to the P and PT groups than to that of the PN group by

Fig. 2 Prediction of metastasis and survival with metastasis predictor model derived from

leave-one-out cross-validated CCP classification. a, Metastasis predictor model used in 40

training and testing HCC patients. The predictor was based on a training set (circles), in-

cluding 10 PN and 10 PT primary HCC samples that were previously used in the CCP clas-

sification, and 20 primary blinded HCC samples (diamonds) that were not used in the

training procedure. The predictor uses 153 significant genes that distinguish between

these 2 groups. b, Multidimensional scaling analysis of 40 primary HCC samples using 153

significant genes from the predictor. Patient identification numbers are indicated. c,

Kaplan-Meier survival curves for 40 PN, PT and P patients. ×, time of censorship. P = 0.018

for P; P = 0.004 for PT, as compared with PN. Green, PN; blue, P; red, PT.

a b

c
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multidimensional scaling analysis (Fig. 2b). Although this model

misclassified all three metastasis-free PN patients, follow-up data

indicated that patient S56 developed lung metastases eight

months after surgery, and patient S57 did not respond to the fol-

low-up request. In addition, CCP analysis of all 40 patients cor-

rectly predicted 23 of 28 patients (82%) with metastatic

potential and 8 of 12 metastasis-free patients (67%), with an

overall accuracy of 78% (see Supplementary Table 3 online).

Similar results were obtained with three additional class predic-

tion algorithms (k-nearest neighbor, nearest centroid, and sup-

port vector machine; see Supplementary Table 3 online). These

algorithms yielded a composition of classifiers containing 

85 genes with weights, which can in principle be used to classify

future samples.

The above predictors separated 40 patients into metastatic and

non-metastatic groups. Kaplan-Meier survival data indicate that

Fig. 3 Candidate genes associated with metastatic HCC. a, Hierarchical cluster-

ing of top 30 candidate genes whose expressions were altered mainly in PT and

PT-M, but rarely in PN. Each row represents an individual gene and each column

represents an individual tumor sample. Genes were ordered by centered correla-

tion and complete linkage according to the ratios of their abundance to the me-

dian abundance of all genes among all tumor samples. Pseudo-colors indicate

differential expression (green, transcript levels below the median; black, transcript

levels equal to the median; red, transcript levels greater than the median; gray,

missing data). Dendrogram was based on 10 primary PN (green) and 10 primary

PT (red) samples. b, Relative expression ratio of SPP1 by cDNA microarray analysis

in 10 primary PN samples (green) and 10 primary PT samples (red) with accompa-

nying metastasis (black). c and d, Semi-quantitative RT-PCR analysis of SPP1

mRNA in primary HCC samples with or without metastasis. Green, PN; red, PT. N,

non-cancerous liver tissue; T, tumor tissue.

a
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patients who were predicted to be metastatic

had substantially shorter survival than

metastasis-free HCC patients (Fig. 2c).

Archived hospital records for deceased HCC

patients showed minimum losses of liver

function after liver resection (see

Supplementary Table 4 online); these pa-

tients died at least 111 d after surgery. These

findings indicated a low likelihood that pa-

tient death resulted from surgical complica-

tions. Because the mortality of HCC patients

relies largely on whether they develop intra-

hepatic metastases, our results indicate that

the classifier may provide a signature reflect-

ing HCC metastasis and survival at least for

this cohort.

Osteopontin may promote HCC metastasis

The above study indicates that the genes nec-

essary for intra-hepatic metastasis should be

included in the prediction model. To

broaden our search, we performed univariate

F-tests at P < 0.002 on ten PN and ten PT

HCC samples, which yielded 224 significant

genes. We selected the top 30 genes whose

expression was altered largely in PT and PT-

M, but rarely in PN (Fig. 3a). A gene with an

average of three-fold over-expression in PT, but not in PN, was

identified as osteopontin (SPP1; Fig. 3b), a secreted phosphopro-

tein highly expressed in patients with metastatic breast tumors

and malignant lung, colon and prostate cancers30,31. Over-expres-

sion of SPP1 was confirmed using RT-PCR (Fig. 3c and d).

Immunohistochemical analysis of SPP1 was also performed on

29 primary HCC samples (including 16 new HCC cases) and 8

normal livers from healthy organ donors. The immunoreactivity

of SPP1 on these samples was evaluated in blind experiments.

Only metastatic tumors were positive for cytoplasmic SPP1

staining, especially in the area with a high density of vasculature

(Fig. 4a–d). The immunohistochemical analysis results mostly

agreed with microarray and RT-PCR data (61% positive cases; 11

of 18 metastatic HCC; see Supplementary Table 5 online). Taken

together, these studies indicate that SPP1 has good diagnostic

value for metastatic HCC patients.

To determine the role of SPP1 in metastasis, we used western

blotting to compare SPP1 expression in human HCC cell lines

and Matrigel assays to compare their in vitro invasiveness. SPP1

expression was high in SK-Hep-1, intermediate in Hep3B and

low in CCL13 cells (Fig. 5a), which coincided with their inva-

siveness (Fig. 5b). An SPP1-neutralizing antibody significantly

blocked invasion of SK-Hep-1 (P < 0.001) and Hep3B cells (P <

0.04). Recombinant mouse Spp1, however, did not show any sta-

tistically significant stimulation (P > 0.05) of Hep3B and Sk-Hep-

1 cells, implying either that SPP1 produced by tumor cells is

sufficient for maintaining an invasive phenotype or that the

lesser effect of mouse Spp1 is due to species variation. Similar re-

sults were obtained with five additional HCC cell lines (Fig. 5c).

The neutralizing antibody had little effect on cell viability and

migration (Fig. 5c, right panel).

To extend the above findings, we examined the role of SPP1

in pulmonary metastasis of HCC cells in nude mice. The

HCCLM3 cell line is a human clone derived from MHCC97 cells

with a high degree of pulmonary metastasis after subcutaneous

injection32. Consistent with our other data, 100% tumorigenicity

was achieved one week after subcutaneous injection. There was

no significant difference between the sizes of primary tumors in

control and SPP1-neutralizing antibody groups (Fig. 5e), which is

consistent with our in vitro observations that SPP1-specific anti-

body does not affect HCC cell growth. In the fifth week, pul-

monary metastatic lesions were detected in every mouse in the

control group, with mainly grade I–II and some grade III–IV

tumor clusters (Fig. 5d and f). The control mice had an average of

11.1 ± 2.9 tumor clusters per lung. In contrast, only about half

the mice in the antibody group developed lung metastases; with

mostly grade I tumor clusters with a combined average of 2.6 ±
1.0 tumor clusters per lung. This effect was statistically signifi-

cant (P < 0.01). Thus, SPP1-specific antibody significantly in-

hibits lung metastasis of HCCLM3 cells.

Discussion

HCC patients have a poor prognostic outcome; the major reason

is intra-hepatic metastasis that includes tumor thrombi in the

portal vein (group PT) and intra-hepatic spread (group P). A clin-

ical challenge is to be able to identify these patients in advance

and to identify a therapeutic target for successful intervention.

Using gene expression profiling and supervised machine learn-

ing, we have developed a strategy to classify HCC patients with

intra-hepatic metastasis. Although our model was based on a rel-

atively small set of samples, the 153-gene model provided a ro-

bust signature that correctly classified 100% of the training

samples during cross-validation. Although it did not predict 3

non-metastatic HCC patients with a testing sample set, the

model correctly predicted 17 of 20 new metastatic HCC patients

(85%). Similar results were obtained with additional indepen-

dent prediction algorithms, with an overall predictive value

close to 85%. The prediction outcome seemed to correlate with

patient survival. Therefore, at least in principle, this model or a

similar one may be used to predict metastatic HCC patients.

a b

c d

Fig. 4 Immunohistochemical analysis of osteopontin in normal liver and hepatocellular carci-

noma. a–d, Primary tumor cells (from tumor S30) show cytoplasmic osteopontin immunoreactiv-

ity, especially in the area with a high density of vasculature (b (arrows) and d), but fibrous septa

regions near tumor cells (b and d; upper left area) or normal liver parenchyma cells (a and c; from

normal liver 914) show no reactivity. H&E stain. Magnification, ×50.
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Fig. 5 Role of osteopontin in promoting HCC

metastasis. a, Osteopontin expression in

CCL13, SK-Hep-1 and Hep3B cells was ana-

lyzed by western blotting with a rat mono-

clonal antibody against SPP1 (anti-SPP1). A

monoclonal antibody against β-actin was used

as an internal control. Densitometry was used

to quantify the amount of SPP1, which was nor-

malized to actin. Amount of SPP1 is indicated as

relative fold. b, CCL13, SK-Hep-1 or Hep3B

cells were incubated with or without a mouse

recombinant Spp1 protein or a neutralizing an-

tibody against Spp1. Cell invasiveness was as-

sessed using the Matrigel basement membrane

cell-invasion chamber. Data are an average of

triplicate determinants for each condition and

are expressed as the mean percent invasion

(bar, +1 s.d.) through the Matrigel matrix and

membrane (Matrigel chamber), relative to the

migration through the control membrane

(control chamber). �, control; �, recombinant

mouse Spp1; �, anti-Spp1 antibody. c, The in-

vasiveness of 5 additional HCC cell lines

(SMMC7721, MHCC97, HuH1, HuH4 and

HuH7) through Matrigel matrix in the presence or absence of Spp1-neutraliz-

ing antibody was assessed as in (b) �, control; �, anti-Spp1 antibody. 

d, Representative lung tissue sections (H&E stain; magnification, ×100) from

mice 35 d after subcutaneous injection of HCCLM3 cells without (top) or with

(bottom) Spp1-neutralizing antibody. Arrows indicate tumor grades. 

e, Primary tumor diameter was monitored at various times after subcuta-

Because of the small cohort used for this study, however, and be-

cause three PN samples were misclassified, this predictor is only

suggestive. It has not been entirely validated and awaits confir-

mation from larger independent data sets to refine and validate

its clinical usefulness. In addition, all HCC samples in this study

were obtained from hepatitis B virus–positive Chinese patients.

It remains to be determined whether this model also can be ap-

plied to other populations, including those with hepatitis C

virus–related HCC.

We have identified genes relevant to primary HCC with ac-

companying intra-hepatic metastasis. We were not, however,

able to identify any gene distinguishing primary HCC from its

metastases. Our data indicate that the changes favoring metasta-

sis may occur in primary HCC, and that primary HCC with

metastatic potential may be evolutionarily distinct from metas-

tasis-free primary HCC. These results are consistent with our

findings that the gene expression signature that is relevant to

metastasis is independent of tumor size, tumor encapsulation

and patient age. Additional subtle genetic changes may occur

during the progression of primary HCC to metastasis, such as

loss of chromosome 8p in PT patients33. Such small changes may

be undetectable by our methods. We propose three models to

explain the progression of HCC metastasis: (i) metastasis is an

acquired activity resulting from genetic changes during the

switch from primary to metastatic lesions; (ii) the changes favor-

ing metastasis occur in primary tumors at a very early stage of

tumor development; or (iii) primary tumors may acquire a ge-

netic susceptibility to metastasis promoters. We refer to the third

model as an ‘epigenetic switch’ mechanism. Our current data are

consistent with the last two models.

The molecular program associated with intra-hepatic metas-

tases may be unique to HCC patients, as patients with other

types of solid malignant tumors usually develop distant metasta-

sis, such as colon cancer with liver or lung metastases, or breast

cancer with lymph node metastasis, rather than local invasion.

Similarities between gene expression profiles of a metastasis and

neous injection of HCCLM3 cells into nude mice. Data are an average of 10

mice. f, The formation of pulmonary metastases in nude mice was assessed

35 d after subcutaneous injection of HCCLM3 cells with or without Spp1-

neutralizing antibody. The number of metastatic foci was quantified based on

their grades. Data are an average of 10 mice per group. *, P < 0.05. Black

bars, control; white bars, Spp1-neutralizing antibody (e and f).

a b c

d e

f
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its primary tumor were also found in studies of gene expression

profiles of breast cancer23. The authors reported that a metastasis

and its primary tumor were as similar in their overall pattern of

gene expression as were repeated samplings of the same primary

tumor, and suggested that the molecular program of a primary

tumor may generally be retained in its metastases23. Our findings

support this hypothesis that a molecular program associated

with metastatic progression is initiated in primary tumors with

metastatic potential. There is a need to re-examine the current

views on both metastatic progression and approaches to rational

therapy. In addition, our findings may also explain our current

clinical experience with high incidence of HCC recurrence after

surgical intervention of HCC patients diagnosed by routine

screening. This emphasizes the need to identify new key targets

for treating metastatic HCC patients.

Alterations in cell adhesion molecules and changes in genes

that control matrix degradation are the two main acquired capa-

bilities that allow primary tumors to invade tissue and metasta-

size34. Consistent with this view, several genes belonging to

those categories were identified in our classifier, including genes

encoding Spp1, α9-integrin, interleukin-2 receptor, serine pro-

teinase inhibitor member-5, matrix metalloproteinase-9, leuko-

cyte immunoglobulin-like receptor subfamily A member-2 and

CD37 antigen (Fig. 3a). SPP1 expression increased the most in

primary HCC with accompanying metastasis, and SPP1 expres-

sion correlated with the invasiveness of HCC cells in tissue cul-

ture. In addition, a neutralizing antibody against SPP1 was able

to block in vitro invasion of highly metastatic HCC cells and in

vivo lung metastasis of HCC tumors. These data indicate that

SPP1 may be necessary to support metastasis in primary HCC.

Our results are consistent with recent findings of SPP1 over-ex-

pression in highly metastatic tumor cell lines35,36 and elevated

plasma SPP1 in metastatic breast cancer patients30. Moreover,

high-level SPP1 expression can confer a metastatic phenotype

on benign tumor cells37,38. SPP1 is a glycosylated phosphoprotein

that acts as a cytokine and binds receptors, including several in-

tegrins, to deliver signals to cells39,40. A recent study indicates

that SPP1 is a major transcription target induced by hepatocyte

growth factor and may contribute to hepatocyte growth fac-

tor–mediated cell-cell dissociation and cell growth and invasive-

ness41. SPP1 is an ideal diagnostic marker because it can be found

in all bodily fluids and because elevated plasma SPP1 can be

found in patients with malignant tumors. In addition, our data

indicate that SPP1 is a potential target for therapy of HCC pa-

tients with metastatic potential. Because SPP1 is an extracellular

cytokine ligand, its interaction with receptors is more readily ac-

cessible to pharmaceuticals than intracellular targets. Studies are

under way to further characterize all the genes in the classifier

and to refine our predictor model with a larger patient cohort,

with the ultimate goal of decreasing HCC aggressiveness and in-

creasing patient survival.

Methods
HCC samples. All HCC samples were obtained with informed consent from

patients who underwent curative resection at the Liver Cancer Institute and

Zhongshan Hospital (Fudan University, Shanghai, China). The 107 paired

samples, including primary HCC, metastatic HCC and corresponding adja-

cent non-tumor liver tissue, were derived from 40 predominantly male and

hepatitis B–positive Chinese patients with an average age of 50. All samples

were histopathologically diagnosed as HCC according to Edmonson’s clas-

sification42. Primary HCC samples ranged from 1.3 cm to 17.5 cm in diam-

eter with a median diameter of 7.2 cm. The majority of the cases (65%)

were larger than 5 cm, which indicates that they were not early cases (see

Supplementary Table 6 online for detailed patient profiles). This study was

approved by the Institutional Review Board of the Liver Cancer Institute.

Total RNA was extracted from each sample using TRIzol (Invitrogen,

Carlsbad, California) according to the manufacturer’s instructions.

cDNA microarrays. The cDNA microarrays were prepared at the Advanced

Technology Center of the National Cancer Institute. Each array contained

9,180 cDNA clones with 7,102 ‘named’ genes, 1,179 expressed sequence

tag clones and 122 clones from Incyte (Palo Alto, California). Preparation of

fluorescent cDNA targets by a direct labeling approach and cDNA microar-

ray hybridization were previously described43. Most of the tumor tissues

were sampled twice using 2 independent cDNA hybridizations, with tumor

samples labeled in red (Cy5) and non-cancerous tissues labeled in green

(Cy3).

Analysis and statistics. Unsupervised hierarchical clustering analysis was

done by the CLUSTER and TREEVIEW software44 using median-centered cor-

relation and complete linkage. We also used the BRB-ArrayTools software

for both unsupervised and supervised analyses. This is an integrated pack-

age for the visualization and statistical analysis of cDNA microarray gene ex-

pression data, developed by the Biometric Research Branch of the National

Cancer Institute. We used the Class Comparison Tool based on univariate F-

tests to find genes differentially expressed between predefined clinical

groups. The permutation distribution of the F-statistic, based on 2,000 ran-

dom permutations, was also used to confirm statistical significance. In com-

paring primary with metastatic tumors of the same patient, a paired-value

t-statistic was used in the same manner. We also used the CCP Tool with a

leave-one-out cross-validation test based on a weighted linear combination

of gene expression variables that were univariately significant in the train-

ing set, with the weights being the corresponding t-statistics29. Averaged

gene expression data from duplicate samples were included for the analy-

sis. The misclassification rate was determined by leave-one-out cross-valida-

tion. For each step of the cross-validation in which one sample was left out,

the selection of informative genes and the creation of the multi-gene classi-

fier was repeated from scratch. The probability of obtaining a small cross-

validated misclassification rate by chance was obtained by repeating the

entire cross-validation procedure using 2,000 random permutations of the

class labels for the clinical criteria being evaluated; this gave rise to a classi-

fier P. To generate a prediction model to classify HCC with metastasis po-

tential, we used the linear combination

L = Σi ti × (xi – mi)

where ti = t-value for gene i in the classifier, xi = log-ratio of gene i in the

new sample to be classified and mi = midpoint between the PN and PT

groups for gene i (see Supplementary Table 2 online). The Kaplan-Meier

survival analysis was used to compare patient survival, using Excel-based

WinSTAT software (http://www.winstat.com). The statistical P value was

generated by the Cox-Mantel log-rank test when PN was compared to P or

PT.

RNA and protein analysis. Relative quantitative RT-PCR of SPP1 was done

according to the manufacturer’s instructions for QuantumRNA 18S Internal

Standards (Ambion, Austin, Texas) with SPP1-specific primer pairs. Western

blotting was done as previously described43.

Cell lines and mouse model. We used 7 human hepatoma–derived cell

lines (HuH1, HuH4, HuH7, MHCC97, SMMC7721, SK-Hep-1 and Hep3B)

with different metastatic potential and one non-transformed liver cell line,

CCL13 (Chang liver cells), to determine the functional association of SPP1

with metastatic potential. We used the BioCoat Matrigel Invasion Chamber

(Becton Dickinson, Bedford, Massachusetts) according to the manufactur-

er’s instructions. Cells were routinely maintained as previously described43.

We used a well-established nude mouse model of pulmonary metastasis to

examine the role of SPP1 in the metastatic potential of HCC cells32. The

study protocol was approved by the Shanghai Medical Experimental

Animal Care Commission.

Additional microarray information. The description of this microarray

study followed the MIAME guidelines issued by the Microarray Gene
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Expression Data group45. The original data will be available in the NCBI’s

Gene Expression Omnibus public database (http://www.ncbi.nlm.nih.

gov/geo/) at a later date. Information is available from the authors on re-

quest.

Note: Supplementary information is available at the Nature Medicine website.
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