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Abstract

Hepatocellular carcinoma (HCC) is the 3" leading cause
of cancer-related death worldwide. More than 80% of
HCCs arise within chronic liver disease resulting from
viral hepatitis, alcohol, hemochromatosis, obesity and
metabolic syndrome or genotoxins. Projections based
on Western lifestyle and its metabolic consequences
anticipate a further increase in incidence, despite
recent breakthroughs in the management of viral
hepatitis. HCCs display high heterogeneity of molecular
phenotypes, which challenges clinical management.
However, emerging molecular classifications of HCCs
have not yet formed a unified corpus translatable to
the clinical practice. Thus, patient management is
currently based upon tumor number, size, vascular in-
vasion, performance status and functional liver reserve.
Nonetheless, an impressive body of molecular evidence
emerged within the last 20 years and is becoming
increasingly available to medical practitioners and
researchers in the form of repositories. Therefore, the
aim this work is to review molecular data underlying
HCC classifications and to organize this corpus into the
major dimensions explaining HCC phenotypic diversity.
Maijor efforts have been recently made worldwide toward
a unifying “clinically-friendly” molecular landscape. As a
result, a consensus emerges on three major dimensions
explaining the HCC heterogeneity. In the first dimension,
tumor cell proliferation and differentiation enabled
allocation of HCCs to two major classes presenting
profoundly different clinical aggressiveness. In the
second dimension, HCC microenvironment and tumor
immunity underlie recent therapeutic breakthroughs
prolonging patients’ survival. In the third dimension,
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metabolic reprogramming, with the recent emergence of
subclass-specific metabolic profiles, may lead to adaptive
and combined therapeutic approaches. Therefore, here
we review recent molecular evidence, their impact on
tumor histopathological features and clinical behavior
and highlight the remaining challenges to translate our
cognitive corpus into patient diagnosis and allocation to
therapeutic options.

Key words: Liver metabolism; Liver zonation; Hepa-
tocellular carcinoma classification; Wnt/p-catenin;
7P53; Tumor microenvironment; Inflammation; Tu-
mor immunity; Hepatocyte proliferation; Hepatocyte
differentiation
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Core tip: Recent work revealed substantial steps
toward a unifying molecular classification of human
hepatocellular carcinomas. The expected translation
of high-throughput assays to the clinical practice will
further refine evidence-based patient management in
terms of prognosis and response to treatment.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the third leading
cause of cancer-related death worldwide™ and its in-
cidence has doubled over the past 20 years in Western
countries. More than 80% of HCCs emerge within chronic
inflammatory liver diseases resulting from chronic viral
hepatitis, alcohol abuse, hemochromatosis, obesity
and metabolic syndrome or DNA-damaging food or en-
vironmental toxins. Based on the current epidemics of
obesity and metabolic syndrome in the Western world,
projections anticipate an increase in HCC incidence,
despite recent breakthroughs in the management of
viral hepatitis'?. HCCs display a high heterogeneity of
molecular phenotypes, which raises major challenges in
clinical management®!, Currently, patient management
is based on tumor number, size, vascular invasion,
performance status and functional reserve of the liver?,
A further obstacle complicating the understanding of
basic human HCC biology (and of patient management)
is that liver biopsy cannot routinely be used for HCC
diagnosis because of the risk of complications'*?!. Thus,
surveillance for HCC emergence in patients with chronic
liver diseases relies on biannual ultrasound or magnetic
resonance imaging (MRI). As a surrogate for tumor liver
biopsy, functional MRI-based metabolic imaging will
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become increasingly relevant for diagnosis and allocation
to treatments in early-stage HCCs!®®. Surveillance
programs currently detect small early-stage tumors
that are candidates for potentially curative therapies
(local ablation, resection or transplantation) with 5-year
survival rates of approximately 50%-70%. However, high
5-year recurrence rates (up to 70%) after HCC resection
or even higher after percutaneous ablation make liver
transplantation the best possible treatment, with a
recurrence rate of 10%'. As a result, the prediction
of early recurrence and of the potential for cancer
aggressiveness are key factors leading patient eligibility
for liver transplantation'. Therefore, gaining insight
into the diversity of HCC phenotypes and deepening
our understanding of the mechanisms of progression
from low-grade HCCs to aggressive tumors, that will
ultimately kill the patient, will shed basic knowledge to
improve patient management*”®!. Systemic therapies
for intermediate and advanced HCC patients not eligible
for surgical approaches have made encouraging progress
in the past 10 years. Sorafenib was the first systemic
therapy to be approved in HCC™'*'?, Then, regorafenib
and nivolumab were approved in the second-line setting
after sorafenib, significantly improving the original
survival benefit*?!, Importantly, HCC patients presenting
beyond transplant or resection eligibility may benefit
from locoregional therapies [tumor ablation, transarterial
chemoembolization (TACE) and radioembolization
with yttrium-90 microspheres (Y90)], according to
recent Clinical Practice Guidelines'. Whereas tumor
ablation is recommended as a first-line therapy for
early-stage HCC"; TACE has been recommended for
intermediate-stage HCC'™. Y90 has been investigated
as an alternative to TACE, with a good safety profile in
delaying tumor progression*®! and has been proposed
as a treatment of choice for down-staging HCC patients
as a bridging strategy toward liver transplantation!*®.
However, Y90 has not shown overall survival benefit
over sorafenib in intermediate and locally advanced HCC
patients after unsuccessful TACE™**7,

The well-recognized phenotypic and genetic he-
terogeneity of HCCs occurs in approximately 80% of
the cases after a marathon of cellular changes driven
by chronic inflammation, which progressively leads to
severe fibrosis and profound remodeling of the tissue
architecture. The two major consequences of this process
are impaired liver function and the emergence of HCC®.
In fact, chronic liver inflammation and progressive liver
fibrosis generate a pro-tumorigenic microenvironment
known as “the field effect"™**®, whereby the diseased
liver turns into a “minefield” riddled with pre-neoplastic
and neoplastic foci. This longtime process can explain
the relatively important number of mutations within each
tumor, approximately 401>, and the high heterogeneity
between patients, as well as the frequent intra-tumor
heterogeneity™***,

HCC heterogeneity is also amplified by the potential
multiplicity of cell origin. One possibility for hepatocellular
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Table 1 Molecular classifications of human hepatocellular
carcinomas

First author Year Number Number Class / subclass Ref.
of HCCs of groups names
Lee 2004 91 2 Cluster A-Cluster B [32,33]
Boyault 2006 56 6 G1-G6 [38]
Chiang 2008 91 5 CTNNBI- [54]
proliferation

Hoshida 2009 232 B) S1-S3 [55]
Désert 2017 1133 4 PP-PV-ECM-STEM  [39]
TCGA 2017 559 3 iCluster 1-iCluster 3  [88]
network

HCCs: Hepatocellular carcinomas; TCGA : The Cancer Genome Atlas;
CTNNBI: Gene encoding B-catenin; PP: Periportal; PV: Perivenous; ECM:
Extracellular matrix; STEM: Stem/ progenitor cells.

carcinogenesis is a well-established multistep process
defined by a precise sequence of lesions, from cirrhosis
to low-grade, then high-grade dysplastic nodules followed
by early and advanced HCC™'. This process is strongly
enhanced by the TERT promoter mutation®® and by
MYC activation'””! and may involve retro-differentiation of
hepatocytes to liver progenitor cells in an inflammatory
environment®®?!), In a different pathological context,
HCCs can result from the malignant transformation of
a hepatocellular adenoma carrying exon 3 mutations of
CTNNB1, the gene encoding p-catenin®. Regardless
of the case, a parallel can be stablished between the
diversity of histopathological patterns of HCCs observed
in the routine Anatomic Pathology laboratory and specific
molecular programs®®*>*,

HCC classifications (Table 1) have revealed multi-
dimensional mechanisms leading to HCC heterogeneity.
Here, we provide an overview of the major dimensions
explaining the HCC phenotypic diversity with the aim of
providing a unifying perspective of HCC classifications.

TUMOR CELL PROLIFERATION AND
DIFFERENTIATION

Pioneering transcriptomics studies classified 91 HCCs
into two groups: Cluster A and Cluster B, Cluster A
showed high alpha fetoprotein (AFP), high Edmondson-
Steiner’s scores indicating low cyto-architectural di-
fferentiation and unfavorable survival. These clinical
features correlated with high expression of genes
associated with cell proliferation and low hepatocyte
differentiation. By contrast, genes typical of cluster B
were liver-specific, indicating that these tumors were
composed of well-differentiated, hepatocyte-like cells.
Subsequent studies integrated the gene expression
program of the 91-HCC dataset with the orthologous
genes from several mouse models™”, whereby poorly di-
fferentiated human HCCs matched Myc-Tgfo. transgenic
mice. These mice typically showed early and high incidence
rates of HCC development with ensuing high mortality.
Their HCCs showed high rates of genomic instability and
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of expression of transcripts indicating poor prognosis™®.

Poorly differentiated human HCCs also matched a MET
activation signature in genetically modified mice®.
Moreover, integration of gene expression data from fetal
hepatoblasts and adult hepatocytes with 61 cases of
human HCCs revealed a group sharing gene expression
patterns with fetal hepatoblasts'*®’. These tumors fell into
the category of proliferative poorly differentiated HCCs
(cluster A). These pioneering studies shed light on a first
layer of HCC heterogeneity and set the basis for the well-
established classification of HCCs into two classes: non-
proliferative and proliferative. Proliferative tumors are
in general poorly differentiated, highly aggressive and
associated with unfavorable patient outcome. On the
other hand, non-proliferative HCCs tend to preserve a
certain degree of hepatocyte differentiation and they are
associated with more favorable patient outcome™?.
Further work searched for underlying dimensions that
could explain phenotypic diversity within proliferative and
non-proliferative HCCs by combining analysis of tumor
transcriptomics’ programs and genetic mutations. Fifty-
seven HCCs were classified into six groups (G1 to G6) and
the expression of genes of interest was confirmed by real
time gPCR in an independent collection of 63 HCCs. The
aim of this approach was two-fold: first, to gain insight
into the mechanisms leading to HCC heterogeneity;
second, to find molecular markers enabling researchers,
surgeons and oncologists to identify patients who may
benefit from adaptive therapeutic approaches. However,
one of the major pitfalls of biomarker identification is
that the number of dimensions (genes) is exceedingly
higher than the number of observations (patients/
tumors), which involves the risk of generating overfitting
models. Overfitting may lead the classifiers to better
describe a particular set of observations, but may not
be equally performant to describe and classify sets of
observations collected in different contexts. To circumvent
this pitfall, statistical methods such as partial least
squares are used to reduce the number of significant
dimensions (genes)™***!. Importantly, the Reporting
Recommendations for Tumor Marker Prognostic Studies
(REMARK) criteria are applied to warrant that a set
of markers performs consistently™**?1, These include,
among other recommendations, the use of training and
validation sets to ensure consistency of results, followed
by reproducibility studies in external validation cohorts.
Applying these procedures, studies revealed group
G1, expressing high AFP levels in young women;
group G2 associated with hemochromatosis and both
groups G1 and G2 showing AKT activation as well as
frequent AXIN1 mutation. G2 and G3 tumors were
enriched in TP53 mutations, G3 containing the most
poorly differentiated HCCs. Together, G1, G2 and G3
HCCs shared activation of biological pathways leading
to cell proliferation and chromosome instability. G4
was a heterogeneous group of HCCs. Finally, groups
G5 and G6 were associated with CTWNB1 mutation,
which occurs in 30%-40% of HCCs, and showed strong
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expression of B-catenin target genes”*?. These tumors
fit within the non-proliferative HCC class™ because they
proliferate at lower rates than G1-G3 tumors and tend to
show higher cyto-architectural differentiation. However,
two studies analyzing three different cohorts totaling
819 patients demonstrated that HCCs with mutated
CTNNB1 do not differ in clinical outcome from HCCs
with wild-type CTNNB1™*. In fact, the survival curves
and clinical features of patients undergoing resection of
HCCs with mutated CTIVNB1 suggest that the intrinsic
aggressiveness of these tumors is intermediate between
well-differentiated, non-proliferative HCCs with wild-
type CTNNB1 and poorly-differentiated, proliferative
HCCs™*7,

As AXIN1 is part of the molecular scaffold involved
in B-catenin inactivation, it was first suggested that
AXIN1 mutations, which occur in 10% of HCCs, would
lead to activation of the B-catenin pathway in HCCs™***,
However, later studies showed no association between
AXIN1 mutations and activation of the p-catenin pathway
in HCCs™. Indeed, AXIN1 deficiency induces HCCs
in mice in the absence of activation of the B-catenin
pathway™". HCCs with mutated AXINI differ in histology,
genomic signature and outcome from those with CTNNB1
mutations™", Indeed, AXIN1-mutated HCCs impact the
Notch and YAP pathways®!. By contrast, although APC
mutations are infrequent in HCCs (1%-2%), they are
associated with activation of the p-catenin pathway™>>>.

The analysis of the clinical features associated with
G1 to G6 subgroups in a cohort of 82 HCC patients
from Singapore®®™ confirmed the significant correlation
between high AFP and groups G1 and 2, and showed an
association between microvascular invasion and group
G3. In a large cohort of 343 HCCs, associations were
confirmed between the groups G1-G6 and clinical and
pathological features as well as genetic aberrations’. G1
tumors were associated will female gender and high AFP,
showed strong levels of KRT19, EPCAM and phospho-
ERK protein expression. Also, groups G1 and G2 were
enriched in AXINI mutations. Group G3 confirmed a
high rate of macrovascular invasion and were associ-
ated with macrotrabecular massive subtype and poor
outcome™**, Groups G1, G2 and G3 had increased AFP
serum levels and high TP53 mutation rates. On the other
hand, group G4 was negatively associated with tumor
size, vascular invasion, CTNNB1 and TP53 mutations and
positively associated with the steatohepatitic subtype,
inflammatory infiltrates and CRP protein expression.
Finally, groups G5 and G6 showed a high CTNNB1
mutation rate (80%), were positively associated with
tumor differentiation and, by immunohistochemistry,
were positive for B-catenin in the nuclei and cytoplasm
and for GLUL (glutamine synthetase), a p-catenin target
gene expressed in well-differentiated hepatocytes*>**",
Finally, patients with G3 HCCs showed early tumor
recurrence after resection and poor overall survival by
univariate and multivariate analysis in a large cohort of
244 HCCs™.

Taken together, a vast body of evidence confirms
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that HCCs can be grouped in two large classes: non-
proliferative and proliferative (Figure 1), which are,
respectively, well-differentiated and poorly differentiated
tumors®??147¢38]_ proliferative and non-proliferative
HCCs are respectively characterized by almost mutually
exclusive mutational patterns. Indeed, CTNNB1 and
TP53 mutations rarely coexist; they are respectively
associated with the non-proliferative and prolifera-
tive HCC classes®'*>***”), Non-proliferative, well-to-
moderately differentiated HCCs, with low AFP serum
levels match groups G5-G6!; $30°%%% and BF&49,
Recent work showed that the class of non-proliferative
HCCs can be split into two subclasses: Periportal-type
(wild-type CTNNB1) and Perivenous-type (mutated
CTNNB1), according to their respective metabolic liver
zonation programs (Figure 1). Of note, patients under-
going resection of Periportal-type HCCs showed the
lowest early (< 2 years) recurrence and the highest
survival rates among all HCC patients treated by tumor
resection in two cohorts of 247 and 210 subjects'***”, At
the opposite, proliferative HCCs are poorly differentiated
and highly aggressive. They match the G1-G2-G3™**,
S1-5209600 - AI8401 3nd ECM-STEM™! subclasses and
form a consensual class of tumors sharing a common
background of large tumor size, high TP53 mutation
rates, with loss of the hepatocyte-like phenotype, high
AFP serum levels, extracellular matrix remodeling and
angiogenesis®®¥, Of note, the relationships between
tumor size, differentiation, proliferation and develop-
ment of a rich vascular network enabling tumor growth
had been illustrated before the advent of molecular
HCC classifications. In fact, modeling of HCC growth
revealed two curves which were anti-parallel, but had
similar slopes'®®. The first represented the loss of the
hepatocyte-like phenotype through the expression of a
liver-specific gene marker. The second represented the
increase in tumor size and in the density of the vascular
network®. Further studies revealed that this pattern
was concomitant with an increase in extracellular matrix
remodeling'®*®, suggesting plasticity of the tumor mi-
croenvironment across HCC progression.

TUMOR MICROENVIRONMENT:
INFLAMMATION, FIBROSIS AND
IMMUNITY

HCC classification based on three publicly available
transcriptome datasets (90, 82 and 60 HCCs, respec-
tively) applying three unsupervised clustering methods
(hierarchical clustering, non-negative matrix factorization
and k-means clustering) defined HCC subclasses inde-
pendently in the training sets before integration by
a subclass mapping algorithm®™®. Three robust sub-
classes (S1, S2 and S3) were validated in six datasets
(totaling 371 HCCs). Further work using whole genome
sequencing and transcriptomics in 88 human HCCs
confirmed that the outcome of the S1 and S2 subclasses
was less favorable than that of the S3 subclass™”. The S1
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Figure 1 Toward a unifying molecular classification of human hepatocellular carcinomas. Two major hepatocellular carcinoma (HCC) classes, non-proliferative
and proliferative can be subdivided into four subclasses. Non-proliferative, well-differentiated HCCs comprise two subclasses with mutually exclusive metabolic
features and regulatory signaling pathways: Periportal-type (HNF4a-driven) and Perivenous-type (j-catenin-driven). Proliferative, moderately-to-poorly differentiated
HCCs comprise two subclasses: Wnt/TGF- (regulated by interplays between Wnt and TGF-f ligands, leading to expression of extracellular matrix glycoproteins)
and Stem/Progenitors (showing features of liver progenitor cells). Major clinical features, gene mutations and matches between the different HCC classifications
are indicated. HCC: Hepatocellular carcinoma; TGF-: Transforming growth factor beta; AFP: Alpha-fetoprotein; CTNNB1: Gene encoding B-catenin; TP53: Gene
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encoding p53; PP: Periportal; PV: Perivenous; ECM: Extracellular matrix; STEM: Stem/progenitor cells.

subclass was associated with signatures of Wnt/p-catenin,
transforming growth factor beta (TGF-pB) activation,
epithelial-to-mesenchymal transition, vascular invasion
and early recurrence by univariate and multivariate
analyses.

It is interesting to note that both the S1 and S3
subclasses showed p-catenin pathway activation™.
However, the mechanisms of pathway activation and the
target genes responding to such stimuli were shown to
be quite different. In the S3 subclass of non-proliferating,
well-differentiated HCCs, grossly 50% of HCCs carried
CTNNB1 mutations and expressed the so-called “liver-
specific” p-catenin target genes, involved in hepatocyte
metabolism, such as GLUL®®., By contrast, the S1 sub-
class was not enriched in CTNNB1 mutations and ex-
pressed high levels of “classical Wnt genes”, i.e., Wnt
targets involved in tumor cell proliferation, angiogenesis,
epithelial-to-mesenchymal transition and extracellular
matrix remodeling, such as CCND1, VEGF and MMP7*",
In HCCs of the S3 subclass, activation of the p-catenin
pathway results from CTNNB1 mutations in exon 3. By
contrast, in HCCs of the S1 subclass activation of the
B-catenin pathway was associated with upregulation in
the expression of Wnt ligands, FZD receptors and TGFB1
target genes, that suggested Wnt/TGFB1 pathway cross-
talks'®®. In vitro, well-differentiated hepatocyte-like
HepaRG human HCC cells (wild-type CTNNB1), when
plated at low density, spontaneously retro-differentiate to
liver progenitors through a transient phase of epithelial-
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to-mesenchymal transition. This process involves trans-
location of B-catenin to the cell nuclei, indicating activation
of the Wnt/p-catenin pathway'®®. These cells express a
transcriptomic program that matches the S1 subclass of
HCCs™**, In vitro modeling of the microenvironment
of the S1 subclass of HCC by incubating HepaRG liver
progenitor cells with soluble Wnt3a ligand enhances
and perpetuates the S1-like HCC phenotype, increasing
HCC cell proliferation, invasive activity and driving the
expression of extracellular matrix remodeling genes,
as well as progenitor/stem cell markers associated
with signatures of unfavorable HCC outcome™™. This
molecular phenotype can be reverted in vitro with small
interfering RNAs targeting p-catenin, as well as with the
soluble Wnt inhibitors FZD7_CRD and FZD8_CRD, that
block the interaction of Wnt ligands with their cognate
FZD receptors'®,

Although HCC are soft, cellular tumors with very
scant extracellular matrix, some HCCs contain intra-
tumor foci enriched in extracellular matrix glycoproteins,
myofibroblasts and stem/progenitor cell markers that we
called “fibrous nests”®”. HCCs containing fibrous nests
express high levels of the Wnt2 ligand, the FZD1 and
FZD7 receptors, the Wnt inhibitors SFRP1, 2, 5; DKK1,
the B-catenin target genes CD44, LEF1, LGR5, SOX9,
GPC3 and, in particular, a minimal signature composed
of COL4A1, LAMC1, DKK1 and SFRP1, associated with
poor HCC outcome™. Of note, although the Wnt3
ligand is up-regulated in HCCs"”, HCCs containing
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fibrous nests are enriched in Wnt2 (and not Wnt3)".,

In fact, Wnt2 is expressed by liver endothelial cells and
stimulates liver regeneration from progenitor cells upon
tissue damage'™. In addition, Wnt2 secreted by tumor
fibroblasts promotes progression of esophageal cancer’.
These mechanisms are in line with the evidence that
progenitor cell markers predicted outcome in 132 HCC
patients undergoing liver transplantation!”..

The above body of evidence points to the clinical
relevance of inflammation and the immune response
of the host to the emergence and progression of HCCs.
Transcriptomics analysis of a training set of 228 and a
validation set of 728 HCCs revealed that approximately
25% of the tumors exhibit an immune profile compatible
with a favorable response to immunotherapy, i.e.,
expression of the immune checkpoint modulators
Programmed Death-Ligand 1 (CD274, a.k.a., PDL1) and
Programmed Cell Death 1 (PDCD1, a.k.a., PD1)"*. Thus,
25% of HCCs can be considered as the Immune HCC
class, which contains two subtypes, exhibiting markers
of adaptive T-cell response (active immune response)
or of T-cell exhaustion (exhausted immune response).
The latter may result from TGFB1 signaling mediating
immunosuppression and is associated with S1 (i.e.,
Wnt/TGFB1-type) HCCs. The potential clinical relevance
of these findings resides in the identification of an HCC
class that may predict responses to checkpoint inhibitors
in terms of survival benefits”>’®, At least 80% of HCCs
worldwide arise in a background of chronic inflammation
and immune reactivity; thus, inflammatory mediators
in the underlying non-tumor liver impact cancer HCC
aggressiveness!'®””), Cross-talk between the HCC cells
and their microenvironment affect numerous biological
functions. Therefore, it is not surprising that a wealth of
transcriptome-based studies have identified signatures
reflecting vascular invasion”®, metastasis'”®! or an-
giogenesis®™ in patients with HCC with poor outcome.
HCCs expressing cholangiocarcinoma traits®®", as well
as those expressing the stem/biliary epithelial markers
EPCAM®® had also poor outcome, as well as a subset
of HCCs expressing a signature reflecting late Tgfb1
activation in mice®. Most of these signatures were
compared in a large cohort of 287 HCCs™. The study
showed that most of the signatures fell within the same
group of tumors, matching G3"*, proliferation class™®,
and S1-S2* HCC subclasses. Therefore, inflammation,
fibrosis and immunity are important components highly
related to HCC phenotypic diversity.

LIVER METABOLISM

Cancer cells proliferate and modify their microenvi-
ronment, which leads to extracellular matrix degrada-
tion, tissue invasion and metastases. These cancer cell
functions call for increased energy production and macro-
molecule synthesis, which explains why malignant cells
display a profound reprogramming of their metabolic
pathways®®, Non-targeted metabolic profiling on
liquid chromatography-mass spectrometry of 50 pairs
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of HCCs revealed increased glycolysis, p-oxidation
and gluconeogenesis; with reduced tricarboxylic acid
(TCA) cycle activity. These changes were accompanied
by increased levels of antioxidant molecules such as
glutathione, as well as by lower levels of inflammatory-
related polyunsaturated fatty acids. In particular, betaine
and propionyl carnitine were proposed as markers to
distinguish HCC from chronic hepatitis and cirrhosis’®”. A
large-scale multicenter serum metabolite biomarker study
identified a metabolite panel of interest in the detection of
early HCC in patients at risk!®®!. Combined transcriptomics
and metabolomics in two tumor collections of 31 and 59
HCCs by gas chromatography-mass spectrometry-based
metabolomics similarly showed increased glycolysis
over mitochondrial oxidative phosphorylation and, in
particular, increased lipid catabolism in the subgroup G1
of HCCs®™, A transcriptomics study of 2761 metabolic
genes in eight microarray datasets gathering 521
human HCCs confirmed down-downregulation of genes
involved in physiologic hepatocyte metabolic functions,
such as xenobiotic detoxification, fatty acid and amino
acid metabolism®. The same study identified up-
regulation of genes involved in glycolysis, pentose
phosphate pathway, nucleotide biosynthesis, TCA cycle,
oxidative phosphorylation and glycan metabolism; with
several metabolic genes being associated with patient
outcome and tumor progression markers®”, These
data fit the Warburg model of energy metabolism in
cancer cells, whereby they bypass the TCA cycle and
utilize glycolysis as the primary source of energy, that
enables a less efficient but faster production of ATP®>®,
However, up-regulation of genes involved in the TCA
cycle® suggests that the metabolic landscape in HCCs
is much more complex than a simple shift from oxidative
phosphorylation to glycolysis, because cancer cells may
rely on the TCA cycle for macromolecule synthesis™®..
Also, pB-catenin-activated HCCs are not glycolytic, but
oxidize fatty acids at high rates as an energy source,
under the control of the transcription factor PPAR.Y,

The Cancer Genome Atlas (TCGA) research network
integrated data from multiple platforms, comprising
whole exome sequencing, copy number analysis, RNA
sequencing, microRNA sequencing, methylomics and
proteomics®’*?., This network analyzed an international
cohort of 363 HCC cases by whole-exome sequencing
and DNA copy number and 196 cases by DNA me-
thylation, RNA, miRNA and proteomics analysis (Table
1). This comprehensive work confirmed previous HCC
classifications (Figure 1) into two large non-proliferative
and proliferative classes and subclasses corresponding
to the S1, S2 and S3 subclasses®**%”! and identified
gene expression changes resulting from mutation or
down-regulation by hypermethylation in genes likely to
participate in metabolic reprogramming, such as ALB,
APOB and CSP1. In particular, isocitrate dehydrogenase
(IDH) mutations are associated with poor patient
outcome in the S2 HCC subclass®, in line with the
previous demonstration that mutant IDH inhibits HNF4o.,
thus blocking hepatocyte differentiation™?..
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subclass adapted from Désert et af*.

Well-differentiated HCCs, i.e., groups BP**,
G5-G6™>***4, 530989 iCluster2®%? (Figure 1) and
morphologically low-grade tumors, as defined by the
Edmondson-Steiner’s score and other histological classi-
fication systems®*® are composed of hepatocyte-like
cells, which are easily recognizable by routine microscopic
analysis of standard hematoxylin-eosin stained tumor
tissue slides. Well-differentiated, hepatocyte-like HCCs
in these groups were classically described as enriched
in CTNNB1 mutations, because approximately 50% of
them presented mutations in the third exon of this gene
in humans, thus expressing a perivenous-type metabolic
program comprising B-catenin-regulated, liver-specific
genes.

In normal liver, the interplay between HNF4a and
B-catenin governs the differential distribution of metabolic
functions along the periportal to perivenous axis, which
is known as liver zonation (Figure 2). Periportal HNF4q.-
regulated networks include such functions as amino-
acid catabolism and gluconeogenesis. At the opposite,
perivenous B-catenin-regulated networks include, for
example, glycolysis and glutamine synthesis® %%,
Thus, parenchymal cells near the portal triads are called
periportal (PP) hepatocytes; whereas those close to
the centrilobular vein are known as perivenous (PV)
hepatocytes. A recent study shows that well-differentiated
HCCs display mutually exclusive liver zonation programs,
i.e., they express either a periportal or a perivenous
metabolic program'™! and they respectively display
periportal (wild-type p-catenin) or perivenous (mutant
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B-catenin) metabolic phenotypes. Periportal-type HCCs
show the highest 2-year recurrence-free survival rates
by multivariate analysis, suggesting that these tumors
have the lowest potential for early recurrence among
all HCCs. They can be identified because they express
high levels of an 8-gene signature composed of genes
involved in periportal metabolic functions'*?. Periportal,
Extracellular Matrix (ECM) and Stem Cell (STEM) HCC
subclasses seem to be distributed in a continuum across
the spectrum of proliferation/differentiation ratios (Figure
2). Thus, orthogonally to the hepatocyte proliferation/
differentiation dimension, well-differentiated HCCs
distribute across the metabolic zonation dimension™*"),
This body of evidence indicates that HCC subclasses may
show specific metabolic reprogramming profiles.

CONCLUSION

Over the past decade, transcriptome-based classifications
increased our knowledge on the molecular heterogeneity
of HCCs. They demonstrated that HCCs could be divided
into two subtypes of less aggressive tumors (PP and
PV) and two subtypes of more aggressive tumors (S1
and S2 or ECM and STEM). They also showed that TP53
mutation was associated with the most aggressive
HCC subtypes and that CTNNB1 mutation defined a
homogenous subtype displaying intermediate outcomes
(Figure 1).

We can imagine a future where HCC patients would
benefit from high-throughput technologies. However,
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a major obstacle complicating further understanding
of basic human HCC biology and patient management
is that liver tumor biopsy cannot routinely be used for
HCC diagnosis and follow-up because of the risk of
complications. As a surrogate for tumor liver biopsy,
MRI-based metabolic imaging may become increasingly
relevant for diagnosis and allocation to treatments in
early-stage HCCs'®®. Future challenges will call for
valorization of circulating protein markers and molecular
studies on liquid biopsies. Data management will call
for further bio-statistical refinements, such as defining
standard methods enabling the classification of a single
sample by itself, without requiring an entire cohort. But
the effort could pay off.

It is however important to bear in mind three major
features in the natural history of HCCs. First, these
tumors arise in more than 80% of the cases in severely
fibrotic livers, with impaired liver function. Second,
HCCs show high intra-tumor heterogeneity™***! despite
a limited number of trunk mutational events®®. Third,
despite their metastatic capacity, HCC may develop
locally advanced disease given the vascular anatomy of
the liver. The natural history of HCC explains why tumor
diagnosis, staging and treatment allocation is based
upon tumor size and number, vascular invasion, location
with respect to main vascular structures, underlying
functional liver reserve and patient’s performance status.
As a consequence, liver and HCC imaging are thriving
fields of research and development. They will benefit
from statistical refinements in HCC texture analyses
by MRIV*%% 'in the light of molecular tumor profiles.
This body of cognitive data will spur translational efforts
toward evidence-based patient management.
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