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Abstract
Primary hepatocellular carcinoma (HCC) is a significant human cancer globally, with poor
prognosis. New and efficacious therapy strategies are needed as well as new biomarkers for early
detection of at-risk patients. In this review, we discuss select microarray studies of human HCCs,
and propose a gene signature that has promise for clinical/translational application. This gene
signature combines the proliferation cluster of genes and the hepatic cancer initiating/stem cell
gene cluster for identification of HCCs with poor prognosis. Evidence from cell-based assays
identifies the existence of a mechanistic link between these two gene clusters, involving the
proliferation cluster gene Polo-like kinase 1 (PLK1). We propose that PLK1 is a promising
therapy target for HCC.
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1. Introduction
Primary liver cancer, hepatocellular carcinoma (HCC), is the fifth most common cancer
world-wide [1]. In the Unites States, liver cancer, relative to other cancers, has the most
rapidly growing mortality rate [2]. Major etiologic agents in HCC pathogenesis are chronic
infection with hepatitis B virus or hepatitis C virus [3], [4], [5]. Other causal factors of lower
incidence include alcohol abuse, metabolic disorders, and environmental agents, e.g.,
exposure to aflatoxin B1 [6]. Regarding HBV-mediated HCC, despite availability of the
HBV vaccine, the World Health Organization estimates that globally 400 million people are
chronically infected with HBV. Moreover, the HBV vaccine is not always protective and
children born of infected mothers also become chronically infected. There is no vaccine for

© 2010 Elsevier Ltd. All rights reserved.
Correspondence to: Ourania M. Andrisani.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
Conflict of Interest
The authors declare no conflicts of interest.

NIH Public Access
Author Manuscript
Semin Cancer Biol. Author manuscript; available in PMC 2012 February 1.

Published in final edited form as:
Semin Cancer Biol. 2011 February ; 21(1): 4–9. doi:10.1016/j.semcancer.2010.09.002.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



HCV. Current treatments for chronic HBV infection include antiviral nucleoside analogs
that eventually result in viral resistance [7]. Treatment for HCV infection includes a
combination of interferon and ribavirin [8]. When diagnosed at early stage, HCC remains
eligible for potential curative options such as surgical resection, orthotopic liver
transplantation or percutaneous destructions. However, most of HCCs have widespread
dissemination within the liver at diagnosis (intermediary stage) or show extrahepatic
dissemination within the portal tract, lymph nodes or distant visceral metastasis (advanced
stage) [9]. Either transarterial hepatic chemoembolization for intermediary stage HCCs, or
systemic targeted therapies such as sorafenib – i.e. the anti-angiogenic and anti-MAPK
pathway agent – for advanced stage HCCs, are of modest, although significant benefit [10].
As recommended by Llovet and Bruix [11], new and efficacious therapies are needed, along
with new diagnostic biomarkers for early detection of liver cancer.

Microarray studies of human tumor samples and bioinformatics meta-analyses continue to
provide a wealth of information regarding genes differentially expressed in various types of
cancer [12], [13], [14], [15], [16]. For liver cancer, more than 300 microarray studies have
been published [17] identifying genes deregulated in HCC, although some of the published
studies provide more transparent data than others. The ongoing challenge is to identify and
characterize clinically relevant genes that can serve as early biomarkers for detection and
classification of the disease or serve as targets for designing mechanism-based therapies.
This review focuses on select microarray studies of human liver tumors. Herein we highlight
specific HCC gene signatures we consider promising for translational application in
diagnosis of at-risk patients. We base this assessment on the link of the proposed HCC gene
signatures to established mechanisms of cancer pathogenesis as well as to liver physiology
and development. We will present “cancer” and “liver-specific” gene signatures associated
with HCC pathogenesis.

1.1. Cancer gene signature: the proliferation gene cluster
Chen and colleagues in 2002 [18] analyzed 102 primary HCC tumor samples and 74 non-
tumor samples for differentially expressed genes, using a cDNA microarray representing
17,400 human genes. They demonstrated increased expression of the proliferation cluster of
genes required for cell cycle progression. Up-regulated genes include those involved in
DNA replication, e.g., the minichromosome maintenance3–7 (MCM3–7) proteins,
thymydilate synthase (TYMS), proliferating cell nuclear antigen (PCNA), and those
involved in G2/M progression, such as mitotic kinases CDC2, CDC20, Polo-like kinase 1
(PLK1), and mitotic regulators MAD2 and Bub1. Also, they observed decreased expression
of liver-specific genes, indicative of hepatocyte de-differentiation and/or loss of liver
function. This proliferation gene signature distinguished liver tumors with mutant p53 from
those with wild type (WT) p53, and liver tumors with vascular invasion.

In 2004, Thorgeirsson’s group [19] analyzed the gene expression profile of 91 human
primary HCC tumors by microarray analyses. They also identified enhanced expression of
the proliferation cluster of genes as the best predictor for an unfavorable outcome. This
proliferation gene signature convincingly distinguished two groups of HCC patients,
Clusters A and B, having significant differences in survival of 30 months vs. 90 months,
respectively. The proliferation cluster of genes included: PCNA, Bub3, MCM2, 6, and 7,
and cell cycle regulators cyclinA2 (CCNA2), cyclinB1 (CCNB1), CDC2 associated protein2
(CKS2), and cyclin-dependent kinase 4 (CDK4). Additional features of the poor survival
HCC Cluster A include reduced expression of liver specific genes, similar to the
observations by Chen et al. [18], and enhanced expression of genes involved in proteasomal
degradation and the ubiquitin pathway. The ubiquitin pathway is often deregulated in cancer
[20]. Together, these genes were termed the survival gene expression signature.
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In a subsequent study [21], Thorgeirsson’s group identified by global gene expression
analyses of 139 human HCCs two subtypes of HCC. The one subtype exhibited features of
hepatoblasts (HB) and the other of differentiated hepatocytes (HC). The strategy for this
study involved comparison of gene expression profiles from three different species (human,
rat and mouse). Specifically, the gene expression profiles of human HCCs were compared to
those of fetal and adult rat hepatocytes, and to mouse HCCs that originated from adult
hepatocytes. The mouse hepatocyte-originating HCCs were obtained from the Myc/E2F1
and Myc/TGFα mouse liver cancer models. In these animal models transgenes were
expressed from the albumin promoter which is transcriptionally active in differentiated
hepatocytes. Importantly, the gene expression profile of rat hepatoblasts in comparison to
that of mouse hepatocytes (from the two mouse HCC models) was distinct and well-
separated from each other. Interestingly, the gene expression profiles of several human HCC
samples co-clustered with rat hepatoblasts suggesting a similar cell developmental stage.
This subtype was referred to as the HB subtype and was shown to express markers of
hepatic progenitors or “oval cells,” including keratin 7 (KRT7) and keratin 19 (KRT19).
Both HB and HC subtypes expressed α-Fetoprotein (AFP) to similar levels. Further analysis
of the gene expression profiles by hierarchical cluster analyses, demonstrated that the HB
subtype co-clustered with the proliferation group of genes which characterized the poor
survival Cluster A of human HCCs [19]. The HC subtype was further subdivided into
Cluster A (proliferation signature-positive) and Cluster B (proliferation signature-negative).
The poorest survival between HB and HC subtypes in Cluster A was exhibited by the HB
subtype.

Interestingly, another microarray study by the Zucman-Rossi group [22] came to the same
conclusion. Specifically, this microarray analysis also identified two major clusters of HCC
tumors which were sub-grouped into six distinct subgroups (G1–G6). Significantly, these
G1–G6 subgroups were also characterized by their association with distinct clinical and
molecular/genetic alterations, including viral infection, activation of the PI3K/AKT pathway
and p53 mutations, thereby providing additional descriptors for precise classification of
HCCs. Subgroups G1–G3 exhibited high rate of chromosomal instability and were
associated with poor prognosis. Importantly, HCC subgroups G1–G3 over-expressed
proliferation, cell cycle and DNA metabolism genes, similar to the cluster A subtype of
HCCs described by Lee et al [19]. Interestingly, subgroups G1 and G2 that originated from
patients with chronic HBV infection, low HBV copy number vs. high, respectively, also
exhibited over-expression of fetal genes including AFP and parentally imprinted genes, thus
resembling the poor prognosis, HB cluster A subtype [21].

1.2. Proliferation gene signature and Polo-like kinase 1 (PLK1)
The proliferation gene signatures identified by Chen et al. [18] and Lee et al. [19,21] overlap
the c-myc up-regulated gene signature identified using the non-transgenic mouse model of
B-cell lymphoma [23]. The significance of this animal model is that the oncogenic
transformation of p53-null bone marrow cells occurred in vivo, following infection with a
conditionally active c-myc encoding retrovirus [23], [24]. Accordingly, this experimental
design permitted identification of a broader set of proliferation genes, those expressed at
earlier times in the process of oncogenic transformation. The relevance of this animal model
to liver cancer is that c-myc over-expression also characterizes human HCC [18], [19], [25],
including hepatoblastoma, a rare liver cancer in children [26]. Furthermore, the proliferation
cluster is shared across diverse human malignancies indicating a common mechanism in
tumor progression [27]. Table I shows the proliferation cluster of genes identified in human
HCCs by the studies of Chen et al. [18] and Lee et al. [19]. The central column (Table I)
includes c-myc up-regulated proliferation genes identified by Yu et al. [24] in the non-
transgenic mouse model of B-cell lymphoma. In addition, Table I shows the proliferation
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cluster of genes identified by Segal et al [27] via meta-analysis of 1,975 microarrays from
multiple types of human tumors.

In HBV-mediated hepatocarcinogenesis, studies in animal models [28], [29] have
demonstrated that the viral X protein acts as a weak oncogene or a co-factor in liver cancer
pathogenesis. The HBV X protein activates cellular mitogenic pathways and consequently
deregulates hepatocyte gene expression [30], [31], [32]. Employing a cell-based assay of
HBV X protein-induced hepatocyte transformation, we also quantified enhanced expression
of the proliferation genes MCM3–7, TYMS, PCNA, and PLK1 as pX-expressing
hepatocytes undergo oncogenic transformation [33], [34]. Significantly, we have shown that
inhibition of PLK1 suppressed pX-mediated hepatocyte transformation [34]. PLK1 has
important roles in cell cycle progression, including regulation of many aspects of mitosis
including mitotic entry, centrosome maturation, formation of bipolar spindle, chromosome
segregation, activation of the anaphase promoting complex/cyclosome, exit from mitosis,
and cytokinesis [35]. In normal cells, PLK1 mediates in the G2/M transition recovery from
the DNA damage checkpoint after completion of DNA repair [36]. By contrast, in HBV X-
expressing cells PLK1 mediates checkpoint adaptation by attenuating both the DNA damage
checkpoint and DNA repair [37]. Specifically, the HBV X protein activates PLK1 in the G2
phase in non-transformed hepatocytes [37]; in turn, activated PLK1 enables propagation of
DNA damage to dividing X-expressing cells by concurrently suppressing DNA repair and
the DNA damage checkpoint thereby resulting in the generation of polyploidy [37]. Thus,
these cell-based studies of the HBV X protein have identified PLK1 as a mechanistically
meaningful gene, likely initiating hepatocyte transformation in X-expressing cells. Elevated
PLK1 protein has been observed in human liver tumors relative to normal peritumoral tissue
[38], [39], including human liver tumors from HBV-HCC patients (F. Lu and O. Andrisani,
unpublished data). Therefore, the combination of cell-based [33], [34], [37] and clinical
studies [38], [39] identify PLK1, a member of the proliferation gene signature [18], [24],
[27], as a mechanistically significant gene having the potential to be clinically relevant for
diagnosis and therapy of HCC. Currently, PLK1 inhibitors are in clinical trials for various
types of human cancers [35], [40], [41]. Therefore, PLK1 could serve as therapy target for
HCC. We propose the proliferation signature and PLK1 are promising diagnostic and
prognostic markers for determination of poor prognosis HCC.

2. Hepatic progenitor-specific and EpCAM-positive gene signature in HCC
pathogenesis

As described earlier, section 1.1, Lee et al. [21] identified the hepatoblast HB-specific
subgroup of HCCs by comparative analyses of the gene expression profile of fetal
hepatoblasts vs. hepatocyte-originating HCCs. Employing a different microarray strategy,
Kim et al. [42] from Xin Wei Wang’s laboratory identified the involvement of hepatic
progenitors in HCC pathogenesis. Specifically, a 30 gene signature was identified that
becomes significantly altered in patients with preneoplastic chronic liver disease (hepatitis,
fibrosis and cirrhosis). A principal gene, displaying the largest fold increase in expression
was TACSTD1 encoding the epithelial cell adhesion molecule EpCAM, a stem cell antigen,
exhibited elevated expression in tumors of epithelial origin [43]. Earlier observations by De
Boer et al. [44] demonstrated that adult hepatocytes are EpCAM-negative, while the bile
duct epithelium is EpCAM-positive. Interestingly, expression of EpCAM was observed
during fetal liver development, liver regeneration, and liver repair associated with cirrhosis.
More recent studies have shown that indeed EpCAM is a marker of hepatic progenitors,
suggesting that EPCAM-positive HCCs are of hepatic progenitor cell origin. Hepatic
progenitors include both hepatic stem cells (HpSCs) and the committed hepatoblasts [45],
[46], [47]. Table II shows markers that characterize hepatic stem cells, hepatoblasts, and
differentiated hepatocytes. EpCAM-positive and AFP-negative cells characterize hepatic
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stem cells located in the canals of Herring in the adult liver; EpCAM-positive and AFP-
positive characterize hepatoblasts. The hepatoblast cell number is reduced with age, except
during cirrhosis and HCC [48]. Alpha fetal protein (AFP) is a liver specific gene, expressed
exclusively in embryonic liver [48]. AFP is a known prognostic indicator for HCC that is
found elevated in 60% of HCC patients [49].

Significantly, studies by Yamashita et al. [25] demonstrated that enhanced expression of
EpCAM and EpCAM co-expressed genes is prognostic of subtypes of HCCs. Microarray
studies and immunohistochemistry classified HCCs into EpCAM-positive and EpCAM-
negative subtypes, with high accuracy. The EpCAM-positive gene signature is comprised of
70 genes and exhibits increased expression of marker genes characterizing hepatic
progenitors. These include cytokeratin 19 (CK19), c-kit and Wnt signaling-induced genes
DKK1 [50] and BAMBI [51]. Also, the EpCAM-positive gene signature exhibited down-
regulated expression of the hepatocyte-specific genes, including UGT2B7 (Uridine
diphosphate glycosyl transferase 2) and APOC1 (Apolipoprotein C1). The gene expression
of BAMBI and DKK1 positively correlated with EpCAM expression, whereas, expression
of the hepatocyte-specific genes UGT2B7 and APOC1 was inversely linked to EpCAM
expression [25]. Furthermore, the EpCAM-positive subtype was further subgrouped to AFP-
positive and AFP-negative tumors. HCCs that were EpCAM-positive but AFP-negative co-
clustered with higher levels of CK19 and CK7 expression indicating that they resemble
HpSCs. On the other hand, HCCs that were positive for both EpCAM and AFP markers
abundantly co-expressed DKK1, BAMBI, and the hepatoblast markers DLK1 (Delta like-1)
and PROM1 (Prominin or CD133 antigen). Thus, these subtypes of HCC tumors express
markers characteristic of specific stages of hepatic cell lineages (Table II). Recent studies
have demonstrated that EpCAM-positive hepatocellular carcinoma cells are tumor initiating
cells or Cancer Stem Cells (CSCs) [52]. EpCAM-positive cells isolated by FACS from
human HCCs self-renewed, differentiated in vitro and formed large tumors in NOD/SCID
mice [52]. These are considered features of cancer initiating stem cells. Key genes up-
regulated in hepatic CSCs (EpCAM-positive) isolated from human HCC tumors include:
TACSTD1, CK19, DLK1, DKK1, PROM1, AFP, and MYC. Down-regulated genes include
liver-specific genes UGT2B7 and CYP3A4 expressed in higher levels in EpCAM-negative
cells [52] and Table II.

2.1 Role of EpCAM in cancer and stem cell signaling
Elevated EpCAM expression has been identified in many epithelial cell-derived human
cancers and cancer initiating cells [53]. Elevated EpCAM expression is linked to poor
prognosis for various types of human cancer, including HCC [25]. Moreover, EpCAM is
highly expressed in undifferentiated human embryonic stem cells [54]. EpCAM enhances
cell proliferation by increasing expression of c-myc, cyclinA, and cyclinE [55]. Regarding
the mechanism by which EpCAM affects proliferation and cancer development, recent
studies [56] have shown that EpCAM participates in intracellular signaling by undergoing
intramembranous proteolysis via the action of the TNF-α converting enzyme (TACE) and
presenilin-2(PS-2). Proteolysis of EpCAM results in release of its intracellular domain,
EpICD. In turn, the released EpICD associates with components of the Wnt pathway, β-
catenin and LEF-1, and regulates gene transcription, inducing proliferation and
tumorigenesis in mice. Therefore, the study by Maetzel et al. [56] provides a mechanistic
link between expression of EpCAM, proliferation of stem cells, and cancer development by
cancer initiating cells after aberrant EpCAM re-expression. This conclusion raises the
question of mechanism(s) regulating expression of EpCAM.
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2.2 Expression of EpCAM : Regulation by the Polycomb (PRC2) chromatin modifying
complex

In human embryonic stem cells (hESCs), expression of EpCAM is regulated by epigenetic
histone modification mechanisms that involve dynamic changes in trimethylation of lysine
27 of histone 3, H3K27me3 [54]. H3K27me3 silences gene transcription. Upon hESCs
differentiation, the EpCAM promoter is transcriptionally silenced via the repressive
H3K27me3 modification, mediated by the interplay of SUZ12 and JMJD3 [54]. SUZ12 is an
essential component of the chromatin modifying Polycomb Repressive Complex (PRC2).
PRC2 is a histone methyltransferase comprised of EZH2, EED, and SUZ12. PRC2 proteins
bind to specific regions of DNA and direct repressive posttranslational modification of
H3K27me3, mediating epigenetic regulation of gene expression in development,
differentiation, and maintaining cell fate [57], [58]. Conversely, JMJD3 is a histone
demethylase of H3K27me3 [59]. Whether deregulation of this interplay between SUZ12 and
JMJD3 results in EpCAM re-expression in cancer initiating cells and cancer pathogenesis
remains to be determined. Likewise, the molecular mechanism(s) regulating the activity or
protein levels of the PRC2 complex and JMJD3, during cancer development, remain to be
understood. A recent review by Bracken and Helin [60] addresses how deregulation of
polycomb group proteins could contribute to tumorigenesis.

3. Gene targets of the PRC2 complex relevant to HCC pathogenesis
In human embryonic fibroblasts, Bracken et al. [61] identified more than 1000 genes that are
transcriptionally silenced by the PRC2 complex, including TACSTD1/EpCAM. We
reasoned that these data [61] provide important mechanistic insights regarding genes and
pathways that can be deregulated by the PRC2 complex and contribute to HCC
pathogenesis. Accordingly, in Table III, we provide a list of select PRC2 target genes
identified in human embryonic fibroblasts [61] which are relevant to HCC. These include: 1)
TACSTD (EpCAM) and IGFII; these two genes were shown by independent studies to be
targets of epigenetic regulation by the PRC2 complex [54], [62]. The significance of
EpCAM overexpression in HCCs has been presented in section 2. Regarding IGFII, it is
upregulated in poor prognosis human HCCs such as the G1 subtype identified by Boyault et
al. [22], which over-express both the proliferation and fetal gene signatures. Another study
[63] also identified IGFII over-expression in human HCCs; these investigators also noted an
inverse relationship between IGFII expression and expression of interferon (IFN) regulated
genes, although the mechanism for this exclusive relationship is not understood [63]. 2)
DKK1, 2 [50] and BAMBI [51] have been found to be up-regulated in human HCC samples
[18,25,52] and hepatoblastomas [26]. Their elevated expression positively correlated with
EpCAM expression and was linked to poor prognosis [25,52]. 3) Myc, ATF3, HesX1, and
KLF1 are up-regulated in human HCCs, as shown by Lee et al. [21] and Yamashita et al.
[25]. 4) Wnt 1, 2, 3, 6, 10, 11, and LEF-1 are components of the Wnt signaling pathway and
may contribute to the activation of Wnt signaling as observed by Yamashita et al. [25]. 5)
RPA-2, MCM-5, CCNA1, and CCND2 are members of the proliferation gene signature
discussed in section 1.1, and 6) TERT (telomerase) is the hallmark of cancer cells [64] as
well as a feature determining stem cell fate [45], [65].

The overlap of the PRC2 target genes (Table III) with the EpCAM-positive, hepatic cancer
stem cell signature (Table II) and the proliferation signature (Table I) suggests that these two
gene signatures identified in human HCCs are connected via a common mechanism. We
propose that this mechanism involves loss of gene silencing via H3K27me3, leading to
deregulated expression of genes, including EpCAM, IGFII, BAMBI, DKK1, 2, and
enhanced expression of the proliferation cluster including c-myc, MCM-5, CCNA1 and
CCND2 genes. Whether changes in the pattern of H3K27me3 occur during HCC
pathogenesis is unknown. Thus, it will be important to determine changes in the pattern of
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H3K27me3 in human HCCs and, in turn, to determine mechanisms leading to loss/down-
regulation of PRC2 components and/or enhanced demethylation of H3K27me3. Recent
studies by Helin’s group demonstrated enhanced expression of JMJD3 demethylase in
response to senescence induced by expression of the oncogene BRAF [66]. This study raises
the possibility that upregulation of JMJD3 may also be involved in HCC pathogenesis.
Earlier studies [59] demonstrated histone demethylase JMJD3 is quickly induced by NF-κB
in primary mouse macrophages in response to inflammatory stimuli. Since human HCC is
usually preceded by chronic liver inflammation and cirrhosis, it will be very interesting to
determine the expression level of JMJD3 demethylase in chronic liver disease such as
cirrhosis, and link its role to HCC pathogenesis. Conversely, down-regulation of PRC2
components may turn out to be another likely mechanism. Our studies (Wang et al.,
submitted) have identified SUZ12 as a gene whose protein levels are down-regulated in an
in vitro HBV pX-mediated cellular transformation model [34], in HCC cell lines, and in
human HCCs (F. Lu and Andrisani unpublished observations), while PLK1 protein levels
increase. This inverse/exclusive relationship between protein levels of PLK1 and SUZ12
suggests that a regulatory mechanism links PLK1, a proliferation cluster gene, to down-
regulation of SUZ12, a likely regulator of the hepatic cancer initiating/stem cell gene cluster.

4. Concluding remarks
In this review we have highlighted the significance of two gene signatures identified in
human HCCs. These are the proliferation cluster gene signature and the EpCAM-positive,
hepatic cancer stem cell gene signature. We have summarized results that strongly suggest
these two gene signatures are linked mechanistically, via H3K27me3 demethylation. More
work is needed to understand the molecular mechanisms deregulating H3K27me3
demethylation during oncogenic transformation and HCC pathogenesis, employing liver
cancer animal models and human HCC tissues. The mechanistic connection between the
proliferation cluster and the hepatic cancer stem cell gene signatures renders these gene
signatures promising as clinical prognosticators for HCC.
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Table I

Proliferation Cluster Gene Signatures identified using human HCCs [18], [19] and c-myc up-regulated
proliferation genes [24]. Green designates the overlap of the proliferation cluster gene signatures in the studies
by Chen et al. [18] and Yu et al. [24]. Orange designates overlap of the proliferation cluster gene signatures in
Lee et al. [19] and Yu et al. [24]. Blue designates overlap of proliferation genes from the three studies [18],
[19], [24]. Red designates overlap between the study by Segal et al. [27] and genes found in the other three
columns.
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Table II

Markers of Hepatic progenitors and Cancer initiating cells
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Table III

PRC2 target genes of relevance to HCC
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