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4.1 Hepatocellular Carcinoma and Its Heterogeneity

Hepatocellular carcinoma (HCC) accounts for 80% of all primary liver cancers
worldwide and is a clinically and biologically heterogeneous disease. It ranks at the
fifth most prevalent cancer and the third most deadly malignancy globally. Although
most HCC patients are resided in eastern Asia and sub-Saharan Africa, it is along
the way to be more prevalent in Western countries [1-5].

4.1.1 HCCHeterogeneity in Etiology

Various risk factors give rise to HCC, and the tumorigenesis of HCC exerts distinct
regional differences [5]. Hepatitis B virus (HBV) infection and hepatitis C virus
(HCV) infection are the two major risk factors of HCC, accounting for about 80%
of HCC tumorigenesis globally. HBV infection is the dominant risk factor in eastern
Asia and sub-Saharan Africa. While in Europe and North America, more than half
of HCC are due to HCV infection [6-8]. Analysis of HBV genome sequencing data
identifies eight distinct genotypes (A—H), which also exert obvious geographical
and ethnic distributions [7]. HBV infection generally gives rise to the integration of
viral DNA into the host genome, especially in hosts with attenuated immunity.
While as a RNA virus, HCV is not able to integrate into host genome. HCV tends to
escape from host’s immune responses, implicates in chronic infection, and gives
rise to liver cirrhosis. HCV proteins seem to change many potentially oncogenic
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pathways and promote the malignant transformation of hepatocytes [1, 9]. In addi-
tion, hepatitis delta virus (HDV) is a defective RNA virus, which could also contrib-
ute to hepatic carcinogenesis [10, 11].

Many metabolic-related diseases also contribute to HCC development, which
includes alcoholic fatty liver disease (AFLD), non-AFLD (NAFLD), diabetes, obe-
sity, etc. Alcohol consumption and alcoholism is prevalent worldwide. Excessive
alcohol consumption may cause AFLD, which ultimately gives rise to HCC [12—
14]. NAFLD is one of the prevalent clinicopathological syndromes associated with
insulin resistance and dyslipidemia. Synergistically with chronic HCV infection,
alcoholic liver injury, or risk factors, NAFLD evolves into cirrhosis and HCC ulti-
mately. As the prevalence of obesity in the industrialized countries, NAFLD has
been a dominant element for chronic liver disease [15, 16]. Obesity itself is also
proposed to relate with increased risk of HCC. In patients with chronic viral infec-
tion, obesity synergistically increases the risk of HCC by 100 folds [17, 18].
Meanwhile, diabetes is an independent risk factor for the development of HCC and
ranks second of the most prevalent cause for HCC in the USA after viral infection
[19-21].

In addition, HCC has been also associated with the increased exposure to afla-
toxin B1, which mainly happened in Africa and Asia. Other HCC risk factors
include neonatal hepatitis, autoimmune hepatitis, hereditary diseases (hemochro-
matosis, a-1AT deficiency, tyrosinemia, and Wilson’s disease), other immune disor-
ders, etc. [2, 22, 23].

4.1.2 HCCHeterogeneity in Clinical Presentation

HCC develops generally in a previously diseased liver that is related to various HCC
risk factors as above. Either HCC tumor or previously diseased liver can be at dif-
ferent disease-progressing stage at the time of diagnosis and has diverse therapeutic
perspectives. HCC population is therefore very heterogeneous. According to tumor
size, differentiation grate, and nodular type, HCC could be presumably divided into
early HCC and progressed HCC [24, 25]. The global HCC BRIDGE study scientifi-
cally documents various therapeutic approaches across regions and/or countries
[26]. Tumor classification can help us identify the difference between various sub-
types of HCC with comparable criteria and possibly provide specific subgroup can-
didate patients with appropriate therapeutic interventions [27].

A number of HCC staging systems and related treatment algorithms have been
developed, which facilitate prognosis and guide clinical practice, prolonging sur-
vival of HCC patients eventually. These systems include Barcelona-Clinic Liver
Cancer (BCLC) staging system, the Cancer of the Liver Italian Program (CLIP)
score system, Okuda system, the Hong Kong Liver Cancer (HKLC) classification
system, etc. [28-31]. Among them, HCC BCLC staging and treatment algorithm
has been widely applied. At early stage, HCC patients with carcinoma in situ can be
reliably curable. Curative therapies include liver transplantation, tumor resection,
and local ablation. However, the number of nodules is relevant to resectability, and
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post-resection survival rates are variant [32]. Most HCC patients are diagnosed at
intermediate stage and even advanced stage. In this case, trans-arterial chemoembo-
lization (TACE) is the first-line option to extend live-life expectancy, but the overall
survival is variable and limited. For those failed by TACE, sorafenib (a multi-
tyrosine kinase inhibitor) and radioembolization merit consideration [32]. Sorafenib
currently is the only FDA-approved systemic therapy for advanced HCC. However,
it only has a modest 2-month survival benefit for HCC patients without any prese-
lection in several clinical trials.

4.1.3 HCC Heterogeneity at the Biological Level

Multiple array technologies including expression examination methods (cDNA/
oligo/noncoding RNA arrays) and genetic assays (CGH/methylation arrays) have
provided powerful tools to amend our understanding on the tumorigenesis, progres-
sion, and metastasis of HCC and hold potential of improving HCC therapeutic effi-
cacy [33-44]. The accumulated studies have revealed that diverse changes in HCCs
were associated with different viral backgrounds as well as different HCC
subtypes.

Chronic HBV and HCV hepatic lesions present differential gene expression pro-
files. Genes being affected by HBV were related to inflammation, while HCV-
associated genes were involved into the anti-inflammatory process [45]. Studies
have also revealed increases of DNA copy number at 10p and decreases at 10q in
HCV-HCCs [46], while gains on 1q, 6p, 8q, 9p, and losses at 1p, 16q, and 19p in
many HBV-HCCs [47].

Several array studies have compared numerous HCC tumors to distinguish HCC
subtypes. Via the combination of genomic and transcriptomic analysis, researchers
have identified six robust HCC subclasses with distinct activation of biological
pathways and therapeutic implications [48, 49]. Primary HCC tissues with a pro-
pensity for metastasis had a significantly different cDNA and microRNA expression
profiles compared to profiles of relapse-free HCC tissues [40, 41, 43]. A 20-miRNA
metastasis signature was significantly associated with recurrence in HCC at early
stage [34].

In our group, we have found that a subgroup of HCCs with EpCAM and alpha-
fetoprotein (AFP) high expression displayed a high rate of metastasis and poor out-
come and were biologically different from other HCCs based on their stem
cell-related gene expression profiles and singling pathway analysis [37, 42, 50].
Stem cell-related signaling pathways were highly active in these HCC cases, and
isolated EpCAM + AFP + HCC cells were enriched hepatic cancer stem cells. In
addition, our studies also revealed that HCC patients with low level of microRNA-26
had a significant prolonged survival after adjuvant interferon alpha (IFNa) therapy
compared to the control treatment group. However, HCC patients with high level of
microRNA-26 did not have survival benefit from adjuvant IFNa therapy [51, 52].

In this vein, HCC is a heterogeneous disease. It is thus important to identify the
HCC tumor subtypes, in-depth study of each subtype using an unbiased
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high-throughput method to explore the potential early diagnostic, prognostic, as
well as therapeutic biomarkers. The array technologies have been well established
and widely used. However, they mainly focus on gene expression, only to detect
known genes, and are at one genomic level per technology at a time. Recent advances
in massively parallel nucleotide sequencing technologies allow for simultaneous
identification of genetic substitutions, insertion/deletions, expression changes, and
structural alterations with high accuracy and sensitivity. It is so-called next-
generation sequencing (NGS) technology.

4.2 Next-Generation Sequencing System

NGS is now known as high-throughput parallel nucleotide sequencing. In 2005,
a new massively parallel sequencing technique emerged and sequenced over 20
megabase data in a single run, which eventually launched the “next-genera-
tion” of genomic science [53]. Since that, NGS has largely revolutionized
omics study in this decade. Now, the wide application of NGS has transformed
the way scientists think about genetic information. Currently there are a num-
ber of different modern sequencing technologies including three dominate
commercial platforms, i.e., Roche Genome Sequencer, Illumina Genome
Analyzer, and Life Technologies Sequencing by Oligo Ligation Detection
(SOLiD) System (Table 4.1).

4.2.1 Roche 454 Sequencing

In 2005, 454 Life Sciences (now Roche) developed the first commercially available
NGS platform. Now the 454 family of platforms has been utilized for many

Table 4.1 Summary of major NGS technologies

Sequencing method Reads/run
Technology | (type, amplification, chemistry) | (length, reads #) | Time/run | Advantages
Roche 454 | Seq-by-synthesis, emulsion 700 bp, 1 million | ~24h Long reads, fast
PCR, pyrosequencing reads
Illumina Seq-by-synthesis, bridge 50-300 bp, up to 6| 1-10 days | High yield,
amplification, reversible dye million reads cost-effective
terminator
SOLiD Seq-by-ligation, emulsion PCR, | 35-75 bp, 1 billion| 1-2 weeks | High accuracy,
8-mer oligo chained ligation reads high yield,
cost-effective
Ton Torrent | Seq-by-synthesis, emulsion up to 400 bp, up to| ~2 h High yield, fast,
PCR, proton detection 80 million reads portable
equipment
The third Seq-by-synthesis, N/A, >1000 bp,upto1 |0.54h Longest read
generation | phosphor-linked fluorescent million bases length, fast
(PacBio) bases
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applications due to its long reads. The overall approach for 454 is pyrosequencing
based. It depends on the detection of pyrophosphate release on nucleotide incorpo-
ration [54]. The library DNAs with adapters are prepared using PCR primers or by
ligation. These DNAs are then fixed to amplification beads followed by emulsion
PCR. An emulsion PCR step produces a set of beads, and each set contains many
cloned copies from the same DNA. The beads are loaded into PicoTiterPlate with
one bead per well, and the sequencing by synthesis begins in a system with a group
of enzymes and the substrates. The four DNA nucleotides are added sequentially in
a fixed order. A nucleotide complementary to the template strand triggers pyrophos-
phate release, which generates a signal being recorded to infer the sequence of the
DNA fragments as each base type is added. During the nucleotide flow, millions of
copies of DNA are sequenced in parallel.

Currently Roche sequencing platforms are mainly GS-FLX and GS Junior
Systems, which may be a good choice for certain applications where long read
lengths are needed [55]. GS-FLX Titanium could generate about one million reads
with the length of 700 bp per run within 24 h [53], while GS Junior Systems simpli-
fies the library preparation and data processing.

The advantages of Roche sequencing are long read length (which generally
offering higher accuracy) and sequencing speed (about 10 h). One shortcoming for
this approach is the misidentification of homopolymers length [56]. In addition, 454
is relatively cost-ineffective compared to other sequencing platforms such as
Illumina and SOLiD [57]. For downstream analysis, the GS Data analysis software
packages are also available.

4.2.2 Illumina Sequencing

Illumina sequencing, Solexa platform, was first introduced in 2006. Now Illumina
produces the most widely used platforms and have been used by numerous
researchers due to its production of a large amount of data in a cost-effective man-
ner. Similar to 454 technology, Illumina sequencing also uses a sequencing-by-
synthesis method [58—60]. There are two major differences of Illumina technology
from 454 sequencing. One is that [llumina uses a flow cell with coated oligoes
instead of microwells with beads. As the DNA enters the flow cell, one of the
adapters attaches to a complementary oligo. The other is that [llumina sequencing
uses fluorescent reversible termination approach instead of pyrosequencing. A
reversible terminator is on every nucleotide to prevent multiple additions in one
round, one base per round and one unique emission for each of the four bases.
After each round, the added base is recorded.

Now Illumina has many different sequencing platforms on the market including
Genome Analyzer, HiSeq, MiSeq, and NextSeq [58, 59]. Each one has several dif-
ferent versions. Among them, MiSeq could produce the longest reads, about 300 bp
and use the minimum sequencing time. It could sequence one sample in 10 h
including sample and library preparation. MiSeqDx platform is the only one
approved by the FDA for in vitro diagnostics. HiSeq could produce the greatest
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output amount. For example, HiSeq 2500 could generate four billion reads with
125 bp/read in a single run.

The superiorities of the Illumina system include small sample requirements,
simple process, short run time, and high-quality data [58, 59]. It also has the proper
data analysis flow and tools developed by Illumina so that the researchers can easily
analyze and manage genome data. The major flaw is false positive when identifying
sequence variations [60]. At this stage, more than 90% of sequencing data have been
produced via Illumina technology.

4.2.3 SOLiD Sequencing

SOLID system is appeared in 2006 and commercialized in 2009. This technology
uses a sequencing-by-ligation method. After adaptor ligation and emulsion PCR,
the library DNAs are sequenced in an entirely different method compared to 454
and [llumina. In SOLiD there are a set of four fluorescently labeled di-base probes
and four di-base probes per dye. It uses DNA ligase for di-base incorporation, which
makes a “sequencing by ligation” approach. Following each ligation cycle, the sys-
tem removes the extension product and resets DNA template with a primer comple-
mentary to the n — 1 position for the next round ligation. There are several rounds
of reset, by which each base is interrogated in two independent ligation reactions.
Due to two-base probing and two-color encoding per base, the sequencing accuracy
is very high (about 99.99%), and the systemic noise is very low [61, 62].

Now the updated version of SOLID system can produce a mass of data, and the
cost is substantially low. Since its read has relatively short length (up to 75 bp) but
high accuracy, SOLiD technology has some advantages in detecting single-
nucleotide polymorphism (SNP), small RNA sequencing, and ChIP-seq over other
sequencers [55].

4.2.4 lonPersonal Genome Machine

Ion Torrent entered the sequencing market in 2010. The first semiconductor sequenc-
ing device was Ion Personal Genome Machine. This technology is mainly used for
small genome sequencing and exome sequencing. It begins with a similar method
with 454, which uses a chip of microwells containing beads being fixed with DNA
fragments [63]. However, this chip is a semiconductor chip with micro-detectors
sensitive to pH. As a base incorporation, a proton is released and alters the sur-
rounding pH, and micro-detector could record the change. As each base type is
added in turn and washed sequentially, the sequence is informed. Now, the accuracy
rate of this instrument on a per read basis averages approximately 99%.

Ion Torrent Personal Genome Machine technology does not require fluorescence
and camera recording, which leads to a higher speed, smaller instrument size, and
lower cost. It now produces the highest output. Ion Torrent Sequencer can complete
a DNA sequencing workflow in just 1 day. Since Ion AmpliSeq being launched in
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2012, this technology has seen broad global adoption. However, similar to 454, Ion
Torrent suffers homopolymer-related errors.

4.2,5 TheThird-Generation Sequencers

Above NGS technologies start by fragmenting and amplifying DNA, which often
sacrifices vital long-range connectivity. The third-generation sequencing is then
developed to possibly overcome such defects. It has two major characteristics dif-
fering from the above sequencing technologies. One is that amplification of DNA
fragments is not needed before sequencing. The other is that the base signal is
obtained in real time during the enzyme reaction of adding nucleotide. Thus, the
third-generation sequencing gains the advantages of high speed and long read
length. Currently it mainly concentrates in the optical or electrical signal detection
at single molecular level, such as single-molecule real-time (SMRT) and MinION
system [64].

SMRT was developed by Pacific Biosciences, which uses nanotechnology (zero-
mode waveguide, ZMW) [54]. The ZMW is a structure that is small enough to
observe only a dye-labeled single nucleotide of DNA being incorporated by DNA
polymerase. Four different fluorescent dyes are attached to A, T, C, and G. The
sequencing is performed on a chip containing numerous ZMW detectors. As DNA
strands are synthesized, the dye-labeled nucleotide incorporation is imaged in real
time. SMRT completely depends on the role of DNA polymerase that enabled the
length of sequencing.

The MinION system was released by Oxford Nanopore Technologies in 2014,
which delivered long read real-time sequencing of individual molecules. It is the
first commercial nanopore-based sequencer, small and portable. Nanopore is a tiny
biopore with diameter in nanoscale and can facilitate ion exchange. Current MinlON
nanopore sequencing methods rely on the measurement of changes in ionic current
at the time of a DNA molecule translocating through a protein nanopore. Biological
nanopores aim at single nucleotide, so that this technique has good continuity and
accuracy. Moreover, there is no need DNA polymerase ligase or ANTPs or complex
optical detection system. It could potentially reach long read at length over 5 kb.

Fluorescence resonance energy transfer (FRET) is another third-generation
sequencing technology, which is developed by VisiGen (now Life Tech). It uses a four-
color set of FRET dideoxy nucleotide terminators. The fluorescence is cleaved off dur-
ing the base incorporation and generates an optical signal to achieve the purpose of
testing the sequence of DNA bases. The obvious advantages of FRET sequencing are
simple and straightforward; the speed can reach one million bases per second.

Now sequencing technologies are widely utilized for mutation profiles, gene
expression analysis, methylation analysis, metagenomics, disease-related gene
identification, etc. [65]. It has also started to provide service of establishing personal
genome information as well as noninvasive prenatal testing [66]. Since these, NGS
has accelerated biological research by providing researchers a better understanding
of the biology of diseases including carcinogenesis.
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4.3 HCC Genomics Studies via NGS Technology

NGS has provided a sensitive, accurate, and cost-effective method to uncover the
genetic basis of human disease including cancer at a single-nucleotide resolution
[67, 68]. The tumorigenesis and progression of HCC are accompanied by the accu-
mulation of somatic genetic variations. Previous microarray-based technologies
have analyzed variations of HCC genome, transcriptome, epigenome, etc., which
improved our understanding on HCC tumorigenesis, progression, and inter-/intra-
heterogeneity as well as promoted HCC translational research. Here we summa-
rized the original NGS studies in HCC as well as its potential clinical utilization,
with an emphasis on understanding HCC heterogeneity (Table 4.2).

4.3.1 HCCViral Risk Factors in Viral-Related HCCs

HBYV Integration in HBV-Related HCCs

HBYV is the most prevalent risk factor of HCC and the integration of HBV DNA into
the host genome has been reported in 1980s [69]. Now, deep sequencing has been
successfully applied to the study of HBV genome integration.

Whole-genome sequencing of 11 HBV-related HCC samples has revealed the
HBYV genome integration to the telomerase reverse transcriptase (TERT) locus [70],
which is consistent with previous reports [71]. After that, a study of whole-genome
sequencing using 88 HCC patients (§1 HBV+ and 7 HBV—) further noted that HBV
integration was more significantly frequent in tumors compared to control liver tis-
sues and that about 40% of HBV breakpoints were around the HBV X and core
genes [72]. Moreover, via a comparison of gene expression array data between
tumors with and without HBV integration, the authors reported that five genes
(TERT, MLL4, CCNEI, SENPS5, and ROCK]I) were recurrently affected by HBV
integration. HCC patients with several HBV integration sites had shorter overall
survival time [72].

One group recently reported that HBV was apt to integrate into promoters of
genes, and recurrent integration into the promoter of TERT seemed to increase the
expression level of TERT. HBx 3’-end was preferred to involve into integration,
resulting into the expression of HBV-human chimeric proteins [73]. Li et al. devel-
oped high-throughput viral integration detection method to enrich and sequence
HBV fragments. They identified 246 integration breakpoints in the gene TERT,
MLILA4, and CCNE]I [74]. Meanwhile, the whole-exome sequencing and oncovirome
sequencing in 68 HBV positive HCC cases have also revealed a group of genes
close to the recurrent HBV integrations, including TERT, MLL4, ALOXS, etc. [75].

HCV Quasispecies Diversity in Chronic Liver Disease and HCC

In human, HCV presents as a group of genetic variants, which is known as “quasi-
species.” HCV quasispecies has been revealed to act as an important factor in HCC
pathogenesis [76]. Park et al. performed pyrosequencing to compare the structural
protein-coding genes of HCV genome between patients with chronic hepatitis C
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Table 4.2 Summary of original NGS studies in HCC

Ref

‘ Study design

‘ Summary of two major results for each study

Genome and/or exome sequencing

[109]

WGS of a HCV-HCC tumor and
lymphocytes from a male

>11,000 somatic substitutions in HCC with less in
genic region, 8§1/90 somatic variants in protein-
coding regions was validated

[72] WGS of 88 HCC tumor/ HBYV integration was more frequent in tumors;
non-tumor pairs (81 HBV, 7 ~40% of HBV breakpoints were around the X and
HBV) core genes
[70] | WGS of 27 HCC tumors (11 Multiple chromatin regulators were mutated in
HBYV, 14 HCV) ~50% of the tumors; HBV integration was found in
the TERT locus
[110] |HBV integrates Seq of 40 HCC | HBV integration favored chromosome 17; 8 genes
tumor/non-tumor pairs (40HBV) | were recurrent target genes by HBV integration
including TERT1
[111] | WES of 10 HBV-HCCs with 475 candidate somatic substitutions were identified;
portal vein tumor thromboses genetic lesions in ARIDIA contribute to high
metastatic potential
[92] | WES of 3 matched HBV-HCC 59 genes had mutations in HBV-related HCCs;
tumors and normal tissues variants of ZNF717 and PARP4 were detected in
>10% HCCs from a validation cohort
[85] WES of 87 HCC tumor/normal Recurrent mutations in some key genes, such as
tissue pairs (38HBV; 19HCV) TP53 and CTNNBI. Some gene families were
affected such as calcium channel subunits
[88] | WGS of 88 HCC tumor/normal | CTNNBI was the most frequently mutated oncogene
pairs (81 HBV) (15.9%); TP53 was the most frequently mutated
tumor suppressor (35.2%)
[73] |HBV Seq of 48 matched HCC HBYV integration favored chromosome 10; HBV
tumor/normal pairs recurrent integration was found in the promoter of
TERT
[74] | HBV integrates sequencing of High-throughput viral integration detection method;
28 HBV-HCC tumors HBYV integration in TERT, MLL4, and CCNE1 genes
[75] WES and oncovirome Seq of Reveal 30 candidate driver genes and 11 core
503 liver tumor/normal pairs pathway modules in HCC. Multiple types of TERT
(488HCC, 117HBY, 212HCV) genetic alteration in HCC
[81] WGS and RNA Seq of 12 HCC Frequent mutations in 7P53, CTNNBI, and AXIN1,
tumor/normal pairs; WES of 30 | LAMA2 had multiple high-allelic frequency
HCC tumor/normal pairs mutations and related to HCC prognosis
[102] | Targeted DNA Seq of 14 HCC Find mutations in Wnt, mTOR, etc. pathway; 2 out
tumors (3HBYV, 5SHCV) of 3 cases with mutations in mTOR pathway
benefited from mTOR inhibitor therapy
[104] | WGS of 4 matched HCC/ Similar genetic variations in primary and metastatic
normal/lung metastatic tissues tumors, a few somatic mutations (such as ZNF) were
(4HBV) only in metastatic tumors
[90] | WGS of 88 matched HCC 4314 genomic rearrangements in HCCs,
tumors/normal tissues (§1HBV) | Chromothripsis in 5 HCC genomes recurrently
affecting chromosomal arms 1q and 8q
[103] | WGS of CTC/HCCs/PBMC Characteristic gene mutations in CTC DNAs could

from 20 HCCs and 10 controls

stratify HCC metastasis patients; low frequency
variants were higher in CTCs

(continued)
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Table 4.2 (continued)

Ref Study design Summary of two major results for each study
[82] WES of 243 tumors/normal 161 HCC driver genes associated with 11 recurrently
tissue pairs (34HBV; 63HCV) altered pathways. Many alterations were potentially
targetable by FDA-approved drugs
[91] NGS of plasma DNAs from 31 Visual CNV were identified in 13 HCCs at 150 kb

HCCs and 8 controls

per bin CNV plots; develop a CNV scoring method
to evaluate the risk of HCC

RNA transcriptome sequencing

[78] | HCV viral Seq of 79 HCV HCYV isolates differed genetically based on the
patients (25HCCs) mutation status at HCV core aa 70; a ratio of mutant
Q/H vs. wild R was increased in HCC
[98] | RNA Seq of 4 AFB1-treated rat | Gene profiling differed between AFB1 treatment and
livers and 4 control rat livers controls Several low copy and novel transcripts were
found in AFB1 group
[87] | RNA Seq of 1 matched HCC Identify a novel gene with coding regions, termed
tumor/normal liver pairs DUNQU 1. The abundance of FGFR2-IlIc is
associated with HCC prognosis
[89] | RNA Seq of normal, low-/ Transcriptome changes in early lesions were modest
high-grade dysplastic lesion, and homogenous. Extensive alterations happened in
early/progressed HCC of 8 progressed HCCs and changes were mainly on
HBV-HCCs TGF-beta, WNT, NOTCH, and EMT-associated
genes
[93] | RNA Seq of 3 HCC tumor/ Gene expression differed between HCCs and normal
normal liver pairs (2ZHCV) controls; five non-synonymously mutational genes
were related to metabolic diseases
[77] |HCV RNA Seq of 499 HCV Quasispecies diversity of HCV E1 was low in

patients (23 HCCs)

HCCs. 14 amino acid positions differed in HCC
patients compared to chronic HCV patients

Small RNA deep sequencing

[96] |2 HCC cell lines and 1 piR-Hepl, a new PIWI-interacting RNA was
immortalized hepatocyte lines identified and involved in liver carcinogenesis. Show
the abundance of miR-1323 in HCC
[94] | 14 HCCs and 6 matched NGS was comparable to microarray; several novel
non-tumor livers (3HBYV, microRNAs were identified
10HCV)
[99] 1 pooled liver from AFB1- HCC-associated microRNAs were abnormally
treated rat and 1 from control rat | expressed in rats under AFB1 stress; 16 novel
microRNAs were identified
[95] 24 matched HCC tumors and MiR-122-5p was the most abundant microRNA of
non-tumor tissues the hepatic miRnome. Almost every microRNA gene
produced isomiRNAs
[39] |2 paired of EpCAM+/— primary | Ten microRNAs were specifically altered in
HCC cells, 2 hepatic stem cells | EpCAM+ primary HCC cells. MiR-155, one of
and 2 hepatoblasts, 3 these microRNAs, was validated at the expression
hepatocytes and 1 pooled human | level and functionally related to HCC malignant
ESC, etc. feature
[97] 12 matched HCC tumors and 5" tRNA-halves were abundant in nonmalignant

non-tumor pairs (4HBV, 4HCV)

liver; 5’ tRNA-halves abundance was increased
under chronic hepatitis but reduced in HCC
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Table 4.2 (continued)

Ref ‘ Study design ‘ Summary of two major results for each study
Bisulfite DNA sequencing
[100] | Plasma DNAs of 26 HCCs/32 Significant hypomethylation in the plasma DNAs of

controls; 15 matched HCC HCC patients, genome-wide methylation and CNV
tumor DNAs and buffy coat analysis could be detected at the same time and
DNAs likely be used synergistically to predict cancer

[101] | Targeted Seq of 28 genes in 24 Methylation status of all 28 amplicons were

paired tumor/non-tumor DNAs significant different between tumor and non-tumors.
Preform the correlation of methylation status and
expression of these amplicons

Notes: [llumina sequencing platforms were used in majority of above HCC NGS studies. A few of
studies have used Roche technology [73, 77, 78], SOLiD technology [39, 111], and Personal
Genome Machine technology [103]. Abbreviations: CNV copy number variation, CTC circulating
tumor cell, AESC human embryonic stem cells, PBMC peripheral blood mononuclear cell, WES
whole-exome sequencing, WGS whole-genome sequencing

(n = 26) and HCC patients (n = 23) [77]. Data analysis revealed that quasispecies
diversity in HCV E1 was significantly lower in HCC patients compared to patients
chronic HCV, and 14 amino acid positions significantly differed between two
groups. Miura et al. also conducted deep sequencing of serum samples from 79
HCV-infected patients (25 of chronic hepatitis, 29 of liver cirrhosis, 25 HCCs) to
examine the association of HCV quasispecies with HCC [78]. They have found the
HCV core amino acid that 70 residue sequencing data could reflect the status of
liver disease. The ratio of mutant residue to wild-type one in HCV core was
increased as liver disease advanced to liver cirrhosis and HCC.

4.3.2 Mutational Landscapes in HCC

NGS technologies have discovered many known and novel genetic alterations in
numerous cancers including HCC. Recently, accumulated NGS studies in HCC
have suggested that some genetic alterations being grouped in several important
HCC oncogenic pathways are likely to be oncogenic driver mutations [70, 75,
79-82].

WNT/Beta-Catenin Pathway and P53 Pathway

It has been known that CTNNB] (encoding protein beta-catenin) and 7P53 are two
frequently mutated genes in HCC [83, 84]. Many recent NGS studies in HCCs have
confirmed CTNNBI as the most frequently mutated oncogene while 7P53 as the
most frequently mutated tumor suppressor [74, 75, 80-82, 85]. These studies have
also consistently revealed that CTNNBI mutation was more frequent in HCV and
non-viral-related HCC cases (20-40%) but less frequent in HB V-related HCC cases
(~10%). In a recent study, Schulze et al. performed a large scale of whole-exome
sequencing in 243 HCCs with different etiologic background [82]. In their study,
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CTNNBI mutation was associated with alcohol-related HCCs, while 7p53 mutation
was related with HBV-HCCs. Further, two studies reported that AXINI, one of
WNT pathway regulators, had a high mutation rate in HCCs [75, 81]. Its mutation
was more frequent in HBV-HCCs compared to HCV-HCCs and non-viral-related
HCC:s [75]. These results indicate that different viral etiologies might activate WNT
pathways in distinct ways. Strikingly, about 66% of HCCs presented WNT pathway-
related genetic alterations [75]. In P53 pathway, besides 7P53 mutation, CDKN2A/
CDKN2B, MDM?2, and IRF2 mutation have also been noticed in a rate of over 1%
in HCC, respectively. Together, about 49% of HCCs presented P53 pathway-related
genetic alterations [75, 82].

Chromatin Regulators

Using exome sequencing of 24 HCC samples, researchers demonstrated that chro-
matin regulation pathway was commonly altered by genetic alterations including
somatic mutations and gene deletions [80]. They noticed the frequent mutation of
ARIDIA, a chromatin-remodeling gene, in alcohol-related HCC. This study was
further confirmed by Huang and his colleagues [47]. ARID 1A mutations were found
in 13% of HBV-related HCCs, and mutated ARIDIA played an important role in
HCC invasion and migration [47]. Interestingly, ARID2 mutation was also identified
in HCCs, and its mutation was significantly enriched in HCV-HCC cases compared
to HBV-HCCs (14% vs. 2%) [86]. Furthermore, using whole-genome sequencing of
HCC samples, Fujimoto et al. found recurrent somatic mutations in a group of chro-
matin regulation-related genes [70]. These genes were ARIDIA, ARIDIB, ARID?2,
MLL, MLL3, etc. In more than 50% of HCC tissues, they noticed mutations in at
least one of these chromatin regulator genes. Therefore, dysregulated chromatin
remodeling might play a key role in HCC.

Several studies have also revealed that genetic alterations of transcription modu-
lators. Cleary et al. performed whole-exome sequencing for 87 pairs of HCC tumors
and adjacent normal tissues and identified several significantly mutated transcrip-
tion modulators, including genes in NFE2L2-KEAP1 pathways [85]. Totoki’s study
has also revealed the frequent alterations in NFE2L2 [75].

PI3K/Akt/mTOR-Pathway and MAPK Pathway

Two groups have consistently reported that about 50% of HCC cases have genetic
alterations in mTOR/PI3K pathway [75, 82]. They have noticed recurrent inacti-
vating mutations in tuberous sclerosis 1 (7SC/7) (3%) and TSC2 (5%), activating
mutations and copy again in PIK3CA (2%), and mutations in other modulators
including RPS6KA3 (7%), PTEN (3%), DAPK1 (3%), MTOR (2%), etc. In MAPK
pathway, a group of growth factors and their receptors have shown mutations in
HCCs, including FGF3 (4%), FGF4 (5%), FGF19 (19%), HGF (3%), PDGFRs
(3%), IGFIR (2%), etc. Meanwhile, Lin et al. have also detected three cancer-
related alternative splicing events including FGFR2, ADAM15, and abundance of
FGFR2-Illc (one of FGFR2 isoform) that were associated with tumor recurrence
[87]. Mutations of IGFALS and JAK have also been found as key genetic determi-
nants in HCC [88, 89].
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Others

Fernandez-Banet et al. provided a comprehensive set of somatic genomic rearrange-
ment and gene fusion predictions in HCCs by performing whole-genome sequenc-
ing with 88 pairs of primary HCC tumor and non-tumor tissues [90]. They predicted
4314 genomic rearrangements and 260 gene fusions that frequently result in aber-
rant overexpression of the 3’ genes in tumors. Further, 18 gene fusions, including
recurrent fusion (2/88) of ABCBI1-LRP2, were validated in HCCs. Xu et al. ana-
lyzed copy number variations using DNA sequencing in plasma samples from 31
HCC patients and 8 patients with chronic hepatitis or cirrhosis [91]. They found that
copy number variations were recognizable in the majority of HCC plasma samples
with large tumor size, and in few HCCs with small tumor size, but not in samples
from chronic hepatitis/cirrhosis-related patients. Chen et al. sequenced the exomes
of three pairs of HBV-HCC tumor and normal tissues and identified 59 original
genes mutated in HBV-associated HCCs [92]. In combination with whole-genome
sequencing data from the European Genome-phenome Archive database, 33 of
these 59 genes were confirmed, and variants of two mutated genes, ZNF717 and
PARP4, were detected in more than 10% of samples from this database. In addition,
high-proportion mutations of LAMA2 (encoding an extracellular matrix protein),
BAPI, and IDHI in HCCs have also been reported [81]. The sequencing in three
HCCs and adjacent tissue pairs revealed five non-synonymously mutational genes
(IRS1, HMGCS1, ATP8BI, PRMT6, and CLU), which were associated with meta-
bolic diseases diabetes and obesity [93].

4.3.3 Expression Profiles of HCC

Besides the genetic changes, whole transcriptome sequencing also reveals gene
expression levels from mapped RNA-seq reads. Compared to microarray, RNA
sequencing could identify low copy and novel transcripts and is affected at a mini-
mum level by probe efficacy and hybridization condition. Murakami et al. have
performed both small RNA sequencing and microarray in 11 HCCs and found that
microRNA profiling from sequencing is comparable and reproducible to that from
microarray. Moreover, RNA sequencing discovered novel microRNAs (such as
miR-9985 and miR-1843) that were otherwise undetectable by array [94]. Wojcicka
et al. performed microRNA transcriptome sequencing on total RNAs from 24 paired
HCC tumors and adjacent non-tumor tissues [95]. Among all 374 detected microR-
NAs, miR-122-5p was the most abundant, 64 miRNAs were differentially expressed,
and almost every microRNA generated isomiRNAs. Among the most deregulated
miRNAs, miR-199a-3p/miR-199b-3p was significantly downregulated in HCCs
compared to adjacent non-tumor tissues, expressed in nine isoforms with three dif-
ferent seeds, dramatically activated TGF-f signaling pathway [95].

We have also performed small RNA deep sequencing using isolated EpCAM+
cancer cells with stem cell features and EpCAM— cancer cells with mature hepato-
cyte features, as well as EpCAM+ normal hepatic stem cells and EpCAM— hepato-
cytes from health liver donors [39]. Through the comprehensive comparison, we
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have discovered a group of microRNAs with a specific altered level in purified
EpCAM+ hepatic cancer stem cells but not in other cells. The expression of miR-
155 in EpCAM+ hepatic cancer stem cells was further validated, and the putative
miR-155 targets were correlated with overall survival or time to recurrence [39].
Other groups have revealed the upregulation of a new PIWI-interacting RNA (piR-
Hepl) via small RNA deep sequencing using RNAs from an immortalized hepato-
cyte and two HCC cell lines [96]. The functional study has also discovered that
piR-Hepl was involved in the regulation of HCC cell viability, proliferation, and
invasiveness. Selitsky et al. performed small RNA sequencing on liver samples
from advanced hepatitis B or C and HCC patients [97]. Compared to microRNAs,
small RNAs derived from tRNAs, specifically 5’ tRNA-halves (5’ tRHs), were more
abundant in nonmalignant liver. However, 5' tRH abundance was reduced in
matched cancer tissue.

As the development and progression of HCC is a multistage process,
Thorgeirsson’s group has performed sequential transcriptome analysis with liver
samples in various HCC stages [89]. These samples include tumor-free surrounding
liver (n = 7), low (n = 4)- and high (n = 9)-grade dysplastic lesions, early HCCs
(n=15), and progressed HCC (n = 3) from a total of eight HBV-HCC patients. They
further integrated genetic and transcriptomic changes during hepatic carcinogenesis
to characterize the genomic alteration. In their study, transcriptomes changes of
early lesions (from low-grade dysplastic lesion to early HCC) were modest and
homogenous. Extensive genetic and transcriptomic alterations occurred at late stage
during hepatic carcinogenesis. The deregulated pathways were centered on TGF-
beta, WNT, NOTCH, MYC, and EMT-related genes highlighting HCC molecular
diversity. Meanwhile, other researchers reported that Aurora B signaling, Wnt path-
ways, and FOXMI1 transcription factor network were altered in HCC via transcrip-
tome sequencing [93]. In addition, two groups have performed transcriptome
sequencing on RNAs obtained from rats with or without Aflatoxin B1 (a potent
HCC carcinogen) treatment. A group of known and novel transcripts were identified
to be differentially expressed under Aflatoxin B1 stress [98, 99].

4.3.4 Epigenetic Alterations in HCC

It has been shown that HCC has large panels of genes with aberrant DNA methyla-
tion. Whole-genome bisulfite sequencing could provide a comprehensive view of
methylation patterns at single-base resolution across the genome. Chan et al. first
explored the detection of genome-wide methylation in plasma from HCC patients
using shotgun bisulfite sequencing [100]. Plasma DNAs from 26 HCC patients and
32 non-tumor control subjects were submitted to bisulfite conversion and then mas-
sively parallel sequencing. Meanwhile, available tumor DNAs and buffy coat DNAs
from 15 HCC cases were also subjected to massively parallel bisulfite sequencing.
Analysis of sequencing data revealed hypomethylation was pervasive across the
genome. The hypomethylation pattern has high sensitivity and specificity for HCC
diagnosis. They further applied the same analysis using copy number variation.
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However, the diagnostic role of tumor-associated copy number variation is much
more dependent on the depth of sequencing. Meanwhile, Shen et al. performed
targeted bisulfite sequencing with 24 pairs of HCC tumor and adjacent non-tumor
tissues, to investigate associations of DNA methylation and mRNA expression in
HCC [101]. In this study, they reported that downregulation of GRASP and TSPYL5
in HCC were regulated by DNA hypermethylation.

4.3.5 Potential Clinical Utilization in HCC

Inter- and intra-tumor heterogeneity has been observed in HCC tumors from both
array-based technology and NGS-based technology. Thus HCC patient stratification
is important for the introduction of precision medicine for clinical cancer care.
Large-scale NGS mutational screening approaches have revealed some key driving
signaling pathways in HCC based on the most frequent mutation profiles. Since
these, HCC might be subjected to different subgroups based on their genetic altera-
tions in TP53 pathway, WNT pathway, chromatin-remodeling regulation, PI3K/
mTOR signaling, MAPK pathway, etc. [75, 82, 89]. For patients who have distinct
genetic profiles, different treatment might be required for the best care. It is expected
that patient survival will be largely improved with molecular-targeted therapies
directed against these pathways. Encouraging data have been shown in a small-scale
study. Two HCC patients at advanced stage had genetic alteration in PI3K/AKT/
mTOR pathway being identified via targeted NGS and benefited from the treatment
of an mTOR inhibitor, everolimus [102]. Schulze et al. reported that 28% of HCC
patients harbored at least one damaging genetic alteration potentially targetable by
one FDA-approved drug [82]. Meanwhile, some genetic alterations might be poten-
tially related to the drug sensitivity in HCC cells such as NQO/ mutation increasing
the sensitivity of HCC cell growth inhibition with HSP90 inhibitor treatment.

In addition, Kelley et al. performed Personal Genome Machine sequencing using
DNAs from circulating HCC cells and showed that analysis of genomic interroga-
tion of circulating tumor cells could provide precise information for stratifying
patients with metastatic HCC [103]. Ouyang et al. performed whole-genome
sequencing with primary HCC and paired lung metastases samples and identified
very similar genomic variations including genetic mutations and copy number alter-
ations between primary and metastatic pairs [104]. These indicate the possibility of
using the genomic variations to identify the primary tumor site for patients having
cancer in multiorgans.

4.4  Conclusion and Prospective

NGS analysis for identifying genetic profiles in human malignancies has become a
research priority. It has enabled the identification of new cancer drivers in several
solid tumors including lung and melanoma. Molecular-targeted cancer therapies
against genetic alterations in oncogenic genes have prolonged patient survival, such
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as vemurafenib treatment in BRAF-mutated melanoma [105, 106], crizotinib in
lung cancer with ALK rearrangements [107]. Unfortunately, the molecular-based
HCC treatment stratification has not been fulfilled reached for HCC. Now, sorafenib
is the only FDA-approved molecular drug in HCC and could only moderately
improve survival of patients with advanced HCC [108]. It might be valuable to test
whether HCC patients with genetic alterations in PI3K and MAPK signaling could
gain significant survival benefit from sorafenib instead of nonselected HCC
populations.

A group of NGS data have shown HCC heterogeneity and identified several pos-
sible drivers that might be useful for sub-classifying HCC populations. However,
such subgrouping should be further confirmed through basic and clinical investiga-
tion. Meanwhile, therapies targeting the most prevalent genetic alterations includ-
ing TERT, CTNNBI, and TP53 in HCC have not been clinically applied. It is also
necessary to discover new therapeutic targets that come from genomic studies
assessing chromosomal amplifications or deletions. Overall, HCC NGS studies
have improved our understanding on HCC biological features and would eventually
contribute to the treatment selection for heterogeneous HCC populations. Further
efforts are needed to investigate the application the genomic information in patient
decision-making and the utilization of molecular-targeted therapies against genetic
alternations in some key signaling pathways.
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