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13.1 Introduction

Liver cancer is the sixth most common cancer and the second leading cause of can-
cer death worldwide, accounting for 6% of all diagnosed cancers and approximately
745,000 deaths [1]. Hepatocellular carcinoma (HCC) accounts for up to 90% of all
liver cancer cases [1]. More striking, however, is that the incidence has risen over
the past several decades in numerous countries, including the United States [2, 3].
Only 30-40% of patients have early HCC at the time of diagnosis and are eligible
for potentially curative therapies such as surgical resection, liver transplantation,
radiofrequency ablation (RFA), or transarterial chemoembolization (TACE).
Furthermore, recurrence remains the leading cause of death after curative resection,
occurring in greater than 50% of patients [4]. Cytotoxic chemotherapy has had only
modest benefit in advanced disease, and effectiveness is frequently limited by
underlying hepatic dysfunction.

To date, sorafenib, a multiple kinase inhibitor is the only therapy to have shown
an overall survival benefit in advanced disease, with an improvement from 7.9 to
10.7 months with a favorable toxicity profile. This finding has established sorafenib
as the standard of care in this setting [5]. With only a modest benefit offered by
sorafenib, there is a pressing need to develop additional therapies to improve out-
comes in this disease.

In recent years, HCC has been shown to have a diverse array of phenotypic and
genetic alterations, although a few common molecular alterations have been identi-
fied that provide an opportunity to develop targeted therapies. These targets include
receptors for vascular endothelial growth factor (VEGF), epidermal growth factor
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(EGF), fibroblast growth factor (FGF), and platelet-derived growth factor (PDGF),
as well as mammalian target of rapamycin (mTOR) and histone deacetylases
(HDACS). Several phase III studies of therapies targeted toward these alterations
have followed; however, none has shown a significant survival benefit. This chapter
will review our current understanding of the molecular targeted pathways at play in
HCC, as well as ongoing clinical trials of targeted agents, and the future direction
for therapy in the treatment of HCC.

13.2 Systemic Chemotherapy for the Treatment of HCC

Despite many effective cytotoxic chemotherapy regimens in other tumor types,
there remains no effective chemotherapeutic strategy for the treatment of HCC. HCC
has long been considered a chemotherapy-refractory tumor through multiple mech-
anisms: enhanced cellular efflux mechanisms associated with an increase in drug
transporter proteins such as MDR1 and P-gp [6], increased expression of TP53
mutations [7] and heat shock proteins (HSPs) [8], DNA damage repair, epithelial-
mesenchymal transition (EMT), hypoxia-inducible factor 1 alpha (HIF-1a), and
others [9]. Historically, response rates for any chemotherapeutic agent have been
low, ranging from approximately 10 to 20% [10]. Because the majority of HCC
occurs in the setting of cirrhosis, it is often difficult to determine the survival benefit
of these therapies because the ability of patients to tolerate these treatments is often
limited by hepatic dysfunction. Several studies have shown that systemic chemo-
therapy has low efficacy in patients with significant cirrhosis, particularly in those
with a bilirubin >2, poor performance status, ascites, or portal vein thrombus [11].
Nonetheless, a large number of studies have been performed using both single
agents and combination regimens, resulting in a wide range of responses.
Additionally, many of these studies were performed in distinct patient populations
(Asian, European), which likely results in important differences between study pop-
ulations such as hepatitis B or C etiology, or age, thereby making the results less
applicable to a more uniform population.

13.2.1 Monotherapy

The most studied single agent has been the anthracycline doxorubicin. The earliest
phase II trial was done in 1975 and showed an objective response rate of 79% [12].
However, subsequent studies using the same dose of 75 mg/m? failed to corroborate
these results and suggested that the true response rate is actually 20% or less [13—
17]. Despite this discrepancy, one study has demonstrated a survival benefit with
doxorubicin as compared to the best supportive care alone [18]. Lower doses have
even lower reported response rates [19, 20].

Many other agents have been evaluated as monotherapies in phase III trials
including mitoxantrone, epirubicin, pegylated liposomal doxorubicin, gemcitabine,
irinotecan, and thalidomide, all of which have similar or even lower response rates
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as compared to doxorubicin [21-26]. 5-FU and its oral equivalent, capecitabine,
have low toxicity and can be administered more easily in the setting of hepatic dys-
function. Studies evaluating the efficacy of 5-FU monotherapy, with or without leu-
covorin, show response rates no higher than 28% [27, 28]. Capecitabine has been
evaluated in very small trials with mixed populations of both previously treated and
untreated patients, with median overall survival rates of about 10 months [29, 30].
Most patients had stable disease with a low number of partial or complete responses.
However, a recent phase II trial showed superior median overall survival and
progression-free survival in patients treated with sorafenib versus capecitabine,
thereby making the role of capecitabine in the treatment of HCC unclear [31].

13.2.2 Combination Chemotherapy

Several different combination chemotherapy regimens using cisplatin or gem-
citabine backbones have been tested in patients with advanced HCC. Gemcitabine
has been used in combination with several different agents including cisplatin,
pegylated liposomal doxorubicin, and oxaliplatin (GEMOX). In phase II trials, the
reported overall responses rates were 20% [32], 24% [33], and 18% [34], respec-
tively. However, median overall survival remained dismal, anywhere from 11.5 to
22.5 months, with the addition of significant toxicities including thrombocytopenia,
anemia, neutropenia, and neuropathy. Additionally, numerous cisplatin, oxaliplatin,
and irinotecan-based regimens have been studied, including XELOX, FOLFOX
(infusional fluorouracil, leucovorin, and oxaliplatin), and FOLFOX4, all of which
have not had promising results [35, 36]. The PIAF regimen (cisplatin, interferon,
doxorubicin, and 5-FU) initially appeared to have some efficacy in patients with
unresectable HCC after a phase II trial found a median overall survival of 8.9 months
[37]. However, in a randomized phase III trial comparing PIAF to doxorubicin
monotherapy, no significant survival benefit was found [17].

Overall, an abundance of cytotoxic chemotherapy regimens have been tested
without convincing evidence of a survival benefit. The evaluation of these regimens
has been limited by the use of small, single-arm trials with heterogenous patient
populations, lack of appropriate controls, and lack of patient risk stratification. As
such, there is insufficient data for the routine use of any chemotherapy regimen in
HCC. Subsequently, the emergence of targeted agents such as sorafenib has since
become the focus of treatment for patients with advanced HCC.

13.3 Molecular Pathogenesis of HCC

In order to develop effective targeted molecular agents, it is critical to understand
the molecular pathogenesis of HCC. The most common etiologies of HCC include
hepatitis B (HBV), hepatitis C (HCV), chronic alcohol consumption, and aflatoxin
toxicity. Nonalcoholic fatty liver disorders (NALFD) have also been shown to con-
tribute to the development of HCC [38]. Importantly, the underlying disease process
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dictates the specific molecular changes that promote carcinogenesis in HCC and is
responsible for the great genomic heterogeneity associated with HCC tumors. For
example, alcohol induces significant inflammation with cycles of necrosis and pro-
liferation, whereas aflatoxin contributes to hepatocarcinogenesis specifically via
p53 mutations (Fig. 13.1) [39].

However, in general, hepatocarcinogenesis is a multistep process which evolves
in the setting of chronic liver disease. It often develops over a prolonged time period
of up to 30 years, preceded by the chronic inflammation and pre-dysplastic pro-
cesses resulting from cirrhosis and chronic hepatitis. Injury induced by these pro-
cesses leads to a continuous cycle of hepatocyte necrosis and regeneration, which
involves proliferation of the stem cell compartment of the liver leading to DNA
mutations and genomic instability [39]. In the setting of liver damage, hepatic mes-
enchymal cells called stellate cells are activated and participate in extracellular
matrix production and chemotaxis. Chronic liver damage leads to recurrent activa-
tion of stellate cells, resulting in alteration of the extracellular matrix and fibrosis
[40]. Additionally, throughout these processes, various growth factors are secreted,
which can each contribute to oncogenesis on their own through processes such as
angiogenesis.

Overall, the molecular pathogenesis and specific genomic alterations that lead to
the development of HCC are extremely complex and are not fully understood.
However, the key mechanism appears to be formation of genomic instability in the
setting cirrhosis. Specifically, telomere shortening and telomerase reactivation are
key features of hepatocarcinogenesis along with loss or mutation of the p53 tumor
suppressor gene [39]. Several studies have shown that there is a broad mutational
profile in HCC, with approximately 30—40 mutations per tumor, among which 5-8
function as driver mutations while the rest are passenger mutations that do not
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contribute significantly to tumorigenesis [41-45]. Nonetheless, despite the vast het-
erogeneity of HCC tumors, there are several common molecular themes and path-
ways which are known to play prominent roles in the pathogenesis of HCC.

13.3.1 Genetic Mutations and Drivers

Comprehensive genomic analyses are essential to identify mutational signatures in
heterogeneous HCC tumors which can help associate them with specific risk factors
and improve personalized treatment with molecular targeted agents. Several studies
have helped elucidate the most common genetic profiles and driver genes of HCC
through exome sequencing analyses. Schulze et al. analyzed whole coding sequences
of 243 liver tumors in three European countries [46]. Approximately, 41% were
associated with alcohol, 26% with HCV, 18% with nonalcoholic steatohepatitis
(NASH), and 14% with HBV. Approximately 49% of tumors were from cirrhotic
livers. The authors found a median of 21 silent and 64 non-silent mutations per
tumor with 8 signature patterns and 161 driver genes (Fig. 13.2). The most common
gene alterations were TERT (60%), CTNNBI (37%), TP53 (24%), and ARIDIA
(13%). They performed copy number analysis and were able to correlate focal copy
number alterations (CNAs) and mutations to identify the 11 most commonly associ-
ated molecular pathways affecting: telomerase expression (60%), cellular inflam-
mation and proliferation via WNT-B-catenin (54%), and PI3-AKT-mTOR (51%).
The three most common clusters of alterations centered on CTNNBI, AXIN1, and
TP53. Finally, the authors were able to correlate genetic profiles with specific risk
factors.

For example, alcohol-related HCCs were enriched in CTNNB/1 and TERT altera-
tions, whereas HCV infection was associated with more TP53 mutations. Overall
28% of patients harbored at least one molecular alteration that is targetable by an
FDA-approved drug.

Other studies have reported similar findings. Gouichard et al. performed copy
number analysis on 125 HCC tumors with whole exome sequencing on 24 tumors
primarily associated with alcohol intake [42]. They found that the most common
alterations were related to fB-catenin (CTNNBI (32.8%), AXINI (15.2%), APC
(1.6%)), cell cycle control (TP53 (20.8%), CDKN2A (7.2%), IRF2 (4.8%)), chro-
matin remodeling (ARIDIA (16.8%), ARID2 (5.6%)), P13K/Ras signaling
(RPS6KA3 (9.6%)), and oxidative stress (NFE2L2 (6.4%)). Inactivation of the
tumor suppressor IRF2 was exclusively found in HBV-related tumors and led to
impaired TP53 function. Mutations in chromatin-remodeling genes were more fre-
quently associated with alcohol-related tumors.

Overall, the most common oncogene amplifications include TERT, CCNBI,
MET, MYC, FGF19, and VEGFA, whereas the most frequent homozygous deletions
are CDKN2A, TP53, Rbl, and AXINI [5, 41, 45-49]. Additionally, HDAC?2, a his-
tone deacetylase (HDAC) enzyme that participates in chromatin remodeling, has
been found to be upregulated in patients with HCC and is associated with poor
survival [50, 51]. The functional classification of these genes has led to the
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Fig. 13.2 Driver genes, copy number alterations, and most frequent gene alterations in HCC
(reproduced from Schulze et al. [46] with the following caption). (a) The 161 putative driver genes
identified by integrating mutations and focal CNAs are presented, with log-transformed mutation
significance on the x axis and the net frequency of gains and deletions on the y axis. The size and
color of each circle represent the alteration frequency and MutSig g value, respectively. Significantly
mutated genes (¢ < 0.05) are labeled. (b) Frequency of CNAs along the genome. The top axis
indicates the frequency of low-amplitude changes (gains and losses); the bottom axis indicates the
frequency of high-amplitude changes (focal amplifications and homozygous deletions). Genes tar-
geted by recurrent amplifications and homozygous deletions are labeled. (¢) Bar plot indicating the
number and type of events for the most frequently altered genes (>4% of samples)

identification of several key signaling pathways involved in the pathogenesis of
HCC and serve as potential therapeutic targets. A selection of these will be dis-
cussed below.

13.3.2 Signaling Pathways

p53

The p53 tumor suppressor is an important driver in HCC, with a mutation rate of
18-50%, depending on the underlying etiology [52]. For example, aflatoxin
B1l-associated HCC is more common in Southeast Asia and Sub-Saharan Africa and



13 The Future Prospect of Targeted Therapy in Hepatocellular Carcinoma 241

causes a missense mutation at codon 249 (R249S) on exon 7 in 90% of cases [53,
54]. The mutated protein promotes hepatocarcinogenesis through inhibition of
apoptosis and cellular proliferation. Mutations at codon 249 are suggested by some
to be driver mutations, since they are also found in normal liver tissue after aflatoxin
exposure [55]. However, at the same time, other studies have some that these muta-
tions were related to tumor stage and may therefore reflect late molecular changes
[56]. TP53 mutations are also prevalent in HBV and HCV HCC and may serve as a
biomarker for HCC as well as chemoresistance [7, 56, 57]. A recent meta-analysis
has shown that HCC patients with upregulated mutant p53 expression have a shorter
overall survival than those with wild type p53 [58]. Other mutations that commonly
alter p53 function include G:C to T:A transversions at codon 249 and C:G to A:T
and C:G to T:A transversions at codon 250 [59].

WNT/g-Catenin

Dysregulation of the Wnt/B-catenin pathway is known to be crucial in hepatocar-
cinogenesis [60]. About 50% of patients with HCC have activation of this pathway
through either mutations of CTNNBI, inactivation of cadherin-1, or overexpression
of frizzled receptors [61]. Mutations in AXINI, a negative regulator of Wnt/p--
catenin, are also common. These mutations affect many cellular processes including
homeostasis, mobility, angiogenesis, proliferation, and apoptosis. In addition, dis-
ruption of the adenomatous polyposis coli (APC) gene leads to activation of this
pathway and promotes inflammation and early oncogenesis. This pathway is signifi-
cantly involved in alcoholic and HBV- and HCV-related HCC [59]. Specifically,
activation of this pathway leads to transcription of a variety of genes including
cyclin D1, COX2, matrix metalloproteinase 7 (MMP7), COX2, and MYC, all of
which are pro-tumorigenic. -catenin signaling leads to activation of NF-xf3 which
also promotes inflammation and cell death [62, 63].

PI3SK/AKT/mTOR

The phosphatidylinositol 3-kinase (PI3K/AKT/mTOR) pathway affects cellular
processes such as cell proliferation and survival and is upregulated in 40-50% of
HCC [64]. mTOR (mammalian target of rapamycin) is targeted by rapamycin (siro-
limus), which was first discovered as an important immunosuppressant after kidney
transplant. Important tyrosine kinase receptors such as vascular endothelial growth
factor receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), epider-
mal growth factor receptor (EGFR), and insulin-like growth factor receptor (IGFR)
activate this pathway, while phosphatase and tensin homologue (PTEN) inhibits it.
There are now numerous PI3K inhibitors in clinical trials [65]. Upregulation of
PIBK/AKT/mTOR is associated with decreased overall survival, aggressive tumor
behavior, and early recurrence [66—68].

RAS/MAPK

Over 50% of patients with early-stage HCC and nearly 100% of patients with advanced
HCC have activation of the RAS/MAPK pathway, which is stimulated by several
receptors including EGFR, fibroblast growth factor receptor (FGFR), and
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c-mesenchymal-epithelial transition factor-1 (c-MET) [69, 70]. The Ras protein
belongs to a family of GTPases, which once activated, recruit Raf-1 kinase, which in
turn phosphorylates MEK1 and MEK?2 and ultimately ERK 1 and ERK2 [71]. It is
known that both the Hbx and HCV core proteins can activate this pathway, which
plays an important role in cellular proliferation and survival [72, 73]. Several studies
have demonstrated increased expression of MEK and ERK proteins in both animal
and human liver cancer [71]. Additionally, increased expression of Raf is associated
with poor prognosis and is an independent marker of tumor recurrence in human HCC
[74]. Although mutations in Raf and Ras proteins are highly prevalent in cancers such
as pancreatic cancer, these genes are rarely mutated in human HCC [69]. Alternatively,
downregulation of inhibitors of this pathway, such as DUSP1, RKIP, Spred, and
Sprouty proteins, appears to play a prominent role in hepatocarcinogenesis [71].

JAK/STAT

The JAK/STAT pathway consists of a cell surface receptor, a Janus kinase (JAK),
and a signal transducer and activator of transcription (STAT) protein. The pathway
is activated by a variety of growth factors, hormones, and cytokines. Ligand binding
activates JAK, ultimately resulting in phosphorylation of STAT, which then translo-
cates to the cell nucleus and induces transcription of target genes. JAK/STAT signal-
ing promotes cell proliferation, migration, and differentiation. Dysregulation of
STAT is associated with HCC, and alterations in JAK/STAT signaling occur with a
prevalence of 1.5% based on deep-sequencing analyses [44, 69]. Further, the sup-
pressors of cytokine signaling proteins (SOCS) are negative regulators of this path-
way and when altered lead to over-activation of the pathway and oncogenesis.
Inactivation of SOCS-1 has also been demonstrated in HCC [52, 69].

Notch

Notch signaling via its ligands Jagged (Jag-1, Jag-2) and Delta-like (DI-1, DI-3, and
DI-4) is important in cell fate and differentiation. Studies have shown that Notch is
involved in hepatocarcinogenesis through activation of Sox9- and K19-positive liver
progenitor cells [75]. Genomic studies have shown activation of Notch in about 30% of
human HCC, thereby implicating this pathway as a potential therapeutic target [76].

HDACs

Histone deacetylases are critical regulators of gene expression. Numerous studies
have demonstrated aberrant expression of HDACs in human cancers, and they have
been associated with an either better or worse prognosis, depending on the type of
cancer [77]. HDAC inhibitors (HDACis) cause acetylation of histone and non-
histone proteins leading to destabilization of various proteins and suppression of
transcriptional activity [78]. They are potent inducers of apoptosis, autophagy, cell
cycle arrest, and inhibition of tumor angiogenesis [79]. They have become a promi-
nent part of cancer therapy. Upregulation of HDAC 1, 3, 4, 5, and 10 has been found
in HCC tumors, although the prognosis of these markers in HCC is unclear [78, 80].
One study found that HDAC 3 was a useful biomarker for HBV-HCC recurrence
after liver transplantation [81].
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Other

There are multiple other molecular pathways and mechanisms known to play a
strong role in HCC. These include the tumor suppressor retinoblastoma (Rb) path-
way which is activated by cyclin-dependent kinases (CDKs) and induces G1/S cell
cycle transition [82]. Alteration in expression or inactivation of various CDK inhibi-
tors such as pl6INK4A, p21(WAF1/CIP1), and p27Kipl is associated with early
hepatocarcinogenesis [59]. Additionally, the transforming growth factor beta (TGF-
) pathway is known to play a role in inflammation and fibrosis leading to the devel-
opment of HCC. Studies have correlated late rather than early molecular alterations
in TGF-f signature with poor prognosis and tumor recurrence which is likely due to
TGF-p stimulation of epithelial-mesenchymal transition, which is essential for
metastasis [83]. Finally, the hepatocyte growth factor (HGF)/c-mesenchymal-
epithelial transition factor-1 (c-MET) pathway is associated with angiogenesis,
invasion, and tumor growth. Increased expression of MET gene signature is associ-
ated with poor prognosis [84, 85]. Multiple other receptor tyrosine kinase receptors
which activate the RAS/MAPK and PI3/AKT/mTOR pathways are very important
in the pathogenesis of HCC as well and include the receptors for insulin-like growth
factor (IGF), epidermal growth factor (EGF), platelet-derived growth factor (PDGF),
vascular endothelial growth factor (VEGF), and fibroblast growth factor (FGF). The
latter two growth factors play a significant role in angiogenesis as discussed below.
Finally, other mediators of the cellular stress response including heat shock proteins
and genes involved in oxidative stress that contribute to cellular mutations and dam-
age in HCC are also potential targets for therapeutic intervention.

13.4 Molecular Targeted Therapies for the Treatment of HCC

Hepatocellular carcinoma is a hypervascular tumor, which frequently invades local
vasculature. As a result, angiogenesis is thought to play a key role in the progression
of HCC. This process is mediated by a variety of growth factors which activate
many of the aforementioned molecular pathways, including VEGF. Higher circulat-
ing levels of VEGF are associated with a poor prognosis and decreased overall sur-
vival in patients with HCC and correlate with worse outcomes including tumor
recurrence after surgery or local ablative procedures [86, 87]. Therefore, this recep-
tor was one of the first targets of molecular therapy. In addition, PDGFR and FGFR
are additional targets of angiogenesis which are currently being explored.

13.4.1 Anti-VEGF Agents

Sorafenib

Sorafenib is an oral multiple tyrosine kinase inhibitor that targets the Raf kinases,
including VEGF receptors 1-3 and PDGF receptor (PDGFR) via the Raf-MEK-
ERK pathway. In 2008, sorafenib became the first approved molecular targeted
agent for the treatment of patients with advanced HCC based on positive data from
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the SHARP trial, a multicenter European phase I1I trial of sorafenib in 602 patients
with advanced (unresectable) HCC and Child-Pugh Class A cirrhosis. Patients were
randomly assigned to receive either sorafenib 400 mg twice daily or placebo, with
the primary endpoints of overall survival and time to symptomatic progression, as
measured by a 4-point decrease in the FACT hepatobiliary symptom index ques-
tionnaire. Secondary endpoints included time to radiographic progression based on
the Response Evaluation Criteria in Solid Tumors (RECIST), disease control rate,
and safety. Sorafenib resulted in a significant overall survival benefit (10.7 vs.
7.9 months) and an improvement in time to radiologic progression (5.5 vs.
2.8 months). However, objective response rates according to the RECIST criteria
were low [5]. Seventy-one percent of patients had a partial response, with no com-
plete responses. The survival benefit is likely due to delayed disease progression.
Overall there was a low toxicity profile with primarily grade 1 and grade 2 adverse
events. Grade 3 events included diarrhea, hand-foot reaction, hypertension, and
abdominal pain [5].

Cheng et al. conducted a second phase II trial in the Asian-Pacific population
using the same dose of sorafenib in patients with primarily HBV-related HCC and
Child-Pugh Class A cirrhosis. They also found improved overall survival in the
sorafenib group (6.5 vs. 4.2 months) as well as improved time to tumor progression
(2.8 vs. 1.4 months) [88]. Again, sorafenib was well tolerated with similar grade 3
and 4 toxicities as in the SHARP trial. The difference in the survival benefit between
the SHARP and Cheng studies may be due to the difference in the etiology of HCC,
as the SHARP trial included patients with a more uniform distribution of HBV-,
HCV-, and alcohol-related cirrhosis. In fact, a subgroup analysis in the SHARP trial
showed that the median overall benefit was greatest in patients with hepatitis
C-related cirrhosis [89]. The results of both of these studies were extremely signifi-
cant and exciting at the time, as there had been no consistent survival benefits of any
anti-HCC drugs in the previous decades. Therefore, sorafenib became the standard
of care and benchmark to demonstrate superior or non-inferiority in future trials of
molecular targeted agents for HCC.

Sorafenib has also been tested in combination with transarterial chemoemboli-
zation (TACE), as well as in combination with chemotherapy. TACE is the only
transarterial treatment that has been shown to have a survival benefit as compared
to placebo in randomized studies [90, 91]. Llovet et al. showed an increased over-
all survival of 63% vs. 27% at 2 years in patients with HCC and Child-Pugh Class
A or B treated with repeated chemoembolization as compared to controls [90].
Several studies, including phase III trials, have evaluated the efficacy of sorafenib
in combination with TACE. An initial phase III showed no difference in overall
survival in 458 patients with unresectable HCC assigned to placebo or sorafenib
(400 mg twice daily) after TACE [92]. However, the median study dose of
sorafenib was only 386 mg daily due to dose reductions, much lower than the cur-
rent standard of 400 mg twice daily. A subsequent phase II trial (SPACE) ran-
domly assigned 307 to sorafenib or placebo with repeated doses of TACE with
doxorubicin-eluting beads [93]. It found better trends toward TTP in the sorafenib
group but no statistical differences in TTP or overall survival. Finally, there is no
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known benefit of using sorafenib in combination with systemic chemotherapeutic
agents such as doxorubicin [94].

Currently, sorafenib remains first-line therapy for patients with unresectable
HCC. However, further studies are needed to further characterize predictive bio-
markers of response to sorafenib. The SHARP trial has served as a template for the
design of trials investigating other targeted therapies, and several important design
features have been replicated in subsequent studies. First, the majority of patients
being enrolled have Child-Pugh Class A cirrhosis, thereby eliminating the risk of
patients dying as a result of liver decompensation. Also, patients with advanced
HCC who do not qualify for curative therapies such as resection or transplant, or
those who progress after conventional therapies such as TACE, are good candidates
for clinical trials. Lastly, overall survival and time to progression are more fre-
quently serving as primary endpoints, as progression-free survival may be con-
founded by outcomes related to the severity of liver dysfunction.

Sunitinib

Sunitinib is another oral tyrosine kinase inhibitor that targets VEGFR as well as
PDGPFR, c-Kit, rearranged during transfection (RET), and fms-like tyrosine recep-
tor kinases (FLT3). In several phase II trials, sunitinib resulted in high levels of
grade 3 and 4 toxicities, such as thrombocytopenia, neutropenia, and hand-foot
skin reaction. More importantly, sunitinib has repeatedly resulted in minimal
objective responses [95, 96]. A phase III trial of over 1000 patients with previously
untreated advanced HCC comparing sunitinib to sorafenib was closed prematurely
due to the inferiority of sunitinib. At the time of trial cessation, the median survival
of patients was 7.9 months in the sunitinib group versus 10.2 months in the
sorafenib group. Treatment-related deaths accounted for 3.3% of patients versus
0.3% of patients, respectively. Additionally, the median OS was shorter in HCV-
infected patients [97].

Regorafenib

Similar to sorafenib, regorafenib also targets VEGF receptors 1 and 3, in addition to
other kinases that promote tumor growth and angiogenesis. The recent RESORCE
trial has preliminarily suggested a benefit with regorafenib as compared to placebo
in 573 patients with Child-Pugh Class A cirrhosis who had radiologic progression
on sorafenib. Regorafenib was associated with improved median overall survival
(10.6 versus 7.8 months) and objective response rate (11% vs. 4%) [98]. This study
is still ongoing. This has suggested that regorafenib may be a reasonable second-
line therapy in patients who progress on or are intolerant of sorafenib.

Bevacizumab

Bevacizumab (Avastin) is an anti-VEGF monoclonal antibody which was first
approved in 2004 for the treatment of metastatic colon cancer in combination with
chemotherapy. Several phase I/II trials have shown that it is safe and potentially
effective against HCC at doses of 5-10 mg/kg in several trials [99, 100]. However,
these trials had small sample sizes of only 30—45 patients. Therefore, the efficacy of



246 S.H. Greco et al.

bevacizumab either alone or in combination needs to be further evaluated in phase
IIT randomized trials. Additionally, studies have shown this agent to have a moder-
ate effect on objective response rate, progression-free survival, and median overall
survival when combined with gemcitabine and oxaliplatin (GEMOX) [101] or in
combination with capecitabine with or without oxaliplatin [102, 103]. Outcomes of
bevacizumab when combined with erlotinib, which targets EGFR, are discussed
below. Lastly, bevacizumab may diminish neo-vessel formation after TACE due to
its anti-angiogenesis effects [104].

Brivanib

Brivanib is an oral inhibitor of both VEGF and FGF signaling pathways, which was
first tested as a second-line agent in patients who progressed or were intolerant of
sorafenib. However, results of a phase 11l randomized trial did not show that brivanib
improved overall survival [105]. Subsequently, the BRISK-FL phase III trial ran-
domized 1150 patients with advanced HCC and no prior systemic treatment to
receive either sorafenib 400 mg twice daily or brivanib 800 mg daily. The primary
endpoint was median overall survival which was 9.9 months in the sorafenib group
and 9.5 months in the brivanib group. However, although the study did not meet its
primary endpoint of non-inferiority, the objective response rates and TTP were sim-
ilar. Patients on brivanib had a higher rate of discontinuation due to adverse events
(43 vs. 33%) [106]. Despite the trend toward increased OS in the brivanib, the drug
could not meet approval for first-line therapy, owing to the strict requirements of
non-inferiority trials, which required a hazard ratio for survival with 95% confi-
dence interval between 1 and 1.08.

Others

Several other anti-VEGF agents have been evaluated in both phase II and phase I11
trials, some of which are still ongoing (Tables 13.1 and 13.2). These include axitinib,
ramucirumab, and lenvatinib. Overall, despite the promise of some of these agents
such as brivanib, none has shown a clinically significant improvement in overall
survival as compared to either placebo or sorafenib.

13.4.2 Anti-PDGF Agents

Linifanib

Linifanib is a more potent targeted inhibitor of both VEGFR and PDGFR than
sorafenib. In a phase II trial of 44 patients with advanced or metastatic HCC, treat-
ment with linifanib yielded a median overall survival of 9.7 months, suggesting
possible clinical efficacy. Patients were primarily Asian (89%), Child-Pugh Class A
(86%), and HBV infected (61%) [107]. However, the phase III head-to-head trial of
linifanib versus sorafenib in over 1000 patients failed to meet non-inferiority bound-
aries, and the overall survival rates were 9.1 versus 9.8 months, respectively.
Linifanib also appeared to be more toxic with adverse events in 54% of patients
versus 38% with sorafenib [108].
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Table 13.1 Molecular targeted agents for HCC in early-phase clinical trials
Trial Trials Primary
Drug phase(s) | Targets (n) Biomarker | outcome(s)
Anti-angiogenesis
AMG 386 11 Angiopoietin-1/2 1 No PFS
Anlotinib I VEGFR, PDGFR, 1 No PFS
FGFR, c-Kit, RET
Axitinib 11 VEGFR/c-Kit/PDGFR 3 No DCR
Bevacizumab I VEGF 3 No DCR
Cediranib 11 VEGFR 1 No OS at 6 months
Foretinib 1 VEGF2, MET 1 No MTD
Nintedanib LI VEGEFR, PDGFR, FGFR |3 No MTD, TTP
Orantinib LI VEGFR2, PDFR, FGFR |1 No DLT, ORR
(TSU-68)
Pazopanib 1I VEGEFR, PDGFR, 1 No MTD
FGFR, c-Kit
Tivozanib LII VEGFR 1 No PFS
TRC 105 LI Endoglin 1 No MTD, TTP
Vandetanib 1I VEGFR, EGFR, RET 1 No ORR
Inhibitors of cell cycle/proliferation
ABC294640 11 Sphingosine kinase-2 1 No ORR
AZDB055 1 mTOR 1 No DLT
Bavituximab L 1T Phosphatidylserine 1 No TTP
BGJ398 11 FGFR1-4 1 FGFR ORR
mutation
BIIB022 I IGF-1R 1 No DLT
CC-122 1 Pleiotropy 2 No DLT, ORR
CC-223 LI mTOR 1 No DLT
Cixutumumab 1I IGF-1R 3 No PFS
DCR-MYC LI MYC 1 No MTD
DENSPM I Polyamines 1 No MTD
Dovitinib I FGFR3 1 No oS
ENMD-2076 I Aurora kinases 1 No PFS
Enzalutamide I, II Androgen receptor 2 No PFS, OS
Galunisertib I TGFpR1 2 No TTP
Gefitinib I EGFR 2 No PFS
H3B-6527 I FGFR4 1 No DLT
INC280 I MET 2 MET TTP, ORR
mutations
Lapatinib I EGFR, Her2/neu 2 No ORR
LDE225 1 Hedgehog 1 No DLT
LEEOI1 11 CDK4/6 1 No PFS
LY2157299 11 TGF-p 3 No oS
LY2875358 LI MET/VEGFR 1 No DLT
MEDI-573 1 IGF-1/2 1 No DLT
MK2206 11 AKT (protein kinase B) | 1 No ORR
MLNO0128 LI mTOR 1 No MTD, TTP

(continued)
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Table 13.1 (continued)

Trial Trials Primary
Drug phase(s) | Targets (n) Biomarker | outcome(s)
MSC2156119) |1 1L MET 2 MET DLT, TTP
mutations
Napabucasin L1II STAT 2 No DLT, ORR
(BBI608)
OMP-54F28 1 WNT 1 No DLT, MTD
Onartuzumab 1 MET 1 No DLT
Pimasertib 1 MEKI1/MEK2 1 No DLT
Refametinib 1T MEK 1 RAS ORR
mutations
RO5323441 1 Placenta growth factor 1 No DLT
Selumetinib L 1T MEK 2 No MTD, ORR
(AZD624)
Sirolimus I, 11 mTOR 2 No MTD, RFS
TAC-101 11 Retinoic acid receptor 4 No OS
Temsirolimus L1II mTOR 4 No TTP
TKM-080301 L 1T PLK1 1 No MTD
Trametinib L 1T MEKI1/MEK?2 2 No MTD, OS
U3-1784 1 FGFR4 1 No AE
[Met5]- 1 Opioid growth factor 1 No MTD
enkephalin
Epigenetic modulators
AEG35156 L1II XIAP mRNA 1 No MTD, PFS
Belinostat ILII Histone deacetylase 1 No DLT, ORR
Cinobufacin 11 miR-494 1 No ORR
CUDC-101 1 Histone deacetylase/ 1 No Safety
EGFR/HER2
MRX34 1 miR-34 1 No MTD
MTL-CEBPA 1 CEPBA 1 No DLT
Panobinostat 1 Histone deacetylase 1 No MTD
Resminostat LII Histone deacetylase 1 No DLT, TTP,
(4SC-201) PFSR
SGI-110 I DNMT 1 No DCR
Tefinostat ILII Histone deacetylase 1 No DLT, PFS
Vorinostat I Histone deacetylase 1 No MTD
Immunomodulators
OPC-18 I Interferon-o receptor 1 No ORR
AZD9150 1 STAT3 1 No MTD
Dalantercept IL1II TGF-p 1 ALKI, DLT, PES, OS,
BMP 9/10 | DCR
GLYCART 1 T cells 1 No DLT
cells
Icaritin 1T STAT3 1 No TTP
Ipilimumab LI CTLA-4 1 No DLT, ORR
NGR-hTNF 1T TNF-a 1 No PFS
OPB-31121 L1 STAT3 1 No DLT
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Table 13.1 (continued)

Trial Trials Primary

Drug phase(s) | Targets (n) Biomarker | outcome(s)
OPB-111,077 I STAT3 1 No MTD
PDROO1 LI PD-1 1 No MTD, DLT,

ORR
SHR1210 LI PD-1 1 No oS
Tasquinimod 1T Protein S100A9 1 No PFS
Tremelimumab | II CTLA-4 1 No ORR
(CP 675,206)
Proapoptotic or DNA-damaging agents
ABT-888 LI PARP 1 No ORR
Mapatumumab | I, I TRAIL-R1 2 No TTP
Navitoclax 1 BCL2, BCLX 1 No MTD
STA-9090 1 Hsp90 1 No DLT
Tigatuzumab I TRAIL-R2 1 No TTP
(CS-1008)
Veliparib 11 PARP1/2 1 No ORR
(ABT-888)
Miscellaneous
ABT-751 1 f3-tubulin 1 No MTD
BBI608/BBI5S03 | I, 1T Cancer stem cells 1 No ORR
Bortezomib 11 Proteasome 2 No ORR
CF102 1I Adenosine receptor 2 No (ON)
Darinaparsin 1I Unknown 1 No ORR
Dasatinib 1T BCR/Abl 2 No ORR,PFS
GC33 LI GPC3 3 No DLT, PFS
Ispinesib 11 Kinesin spindle protein 1 No ORR
Lenalidomide I Ubiquitin E3 ligase/ 1 No PFS

proteasome
Oprozomib ILII Proteasome 1 No TTP
RO5137382 11 Glypican-3 1 Glypican-3 | PFS
on [HC

T900607 I Microtubule 1 No ORR
7-208 LI Unknown 1 No MTD, ORR

Data accessed in October 2016 on clinicaltrials.gov using search criteria “hepatocellular carci-
noma” OR “liver cancer” “drug” NOT “procedure” phase 0-2 to identify relevant clinical trials
either completed, ongoing, or terminated with results, not withdrawn or terminated due to adverse
effects. Table adapted from Table 3 Llovet et al. [65]. PF'S progression-free survival, DCR disease
control rate, OS overall survival, MTD maximum-tolerated dose, 77P time to progression, ORR
objective response rate, DLT dose-limiting toxicity, RFS relapse-free survival, AE adverse events,
PFSR progression-free survival rate

13.4.3 Anti-FGF Agents

FGEFR signaling has a role in both proliferation and angiogenesis which contributes
to hepatocarcinogenesis [109]. Studies in pancreatic tumors have suggested that
resistance to VEGF-targeted therapy may be mediated by upregulation of FGFR
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signaling [110]. Thus, it was hypothesized that brivanib, mentioned above, might
have increased efficacy in treatment of HCC by targeting both VEGFR and
FGFR. Since the phase III non-inferiority trial of sorafenib versus brivanib did not
demonstrate a clear clinical effect, there has been focus on the development of more
specific FGFR agents and biomarkers which may demonstrate response to treat-
ment. FGF19 is one such potential biomarker, amplified in 5-10% of HCC, which
may predict response to targeted FGF therapy [47, 48]. In addition, blocking FGFR4
may help prevent hepatic tumor formation by interfering with the FGR19 signaling
axis [111]. As a result, several generations of targeted FGFR agents have been
developed and are underway in clinical studies. The first generation of these drugs
were either pan-FGFR inhibitors or those with weak activity against FGFR4, includ-
ing LY-2874455, ponatinib, BGJ398, and AZD4547 [112]. Currently, there are only
a few phase I/II studies underway evaluating specific FGFR inhibitors (Table 13.1).
Recent development of another selective FGFR4 inhibitor, BLU9931, may have
promise as a future therapy for HCC [113].

13.4.4 Anti-EGRF Agents

Erlotinib

Erlotinib inhibits the tyrosine kinase domain of EGFR and has demonstrated antitu-
mor activity and a median overall survival of 11-13 (11-13 months) in phase II
clinical trials of patients with unresectable HCC [114, 115]. Expanding upon this
earlier study, the phase IIl SEARCH trial included 720 patients with advanced HCC
who were randomized to receive either sorafenib and erlotinib or sorafenib and
placebo [116]. The trial did not show a significant benefit of combination therapy
with erlotinib and sorafenib as compared to sorafenib alone (OS 9.5 vs. 8.5 months),
and the addition of erlotinib resulted in increased toxicity resulting in shorter dura-
tions of treatment. Additionally, a phase II trial of erlotinib plus bevacizumab failed
to validate the use of this combination strategy [117]. Other phase II trials of erlo-
tinib and bevacizumab are underway.

13.4.5 Newer Drugs Under Development

MET

As previously mentioned, MET is part of the HGF signaling pathway, and expres-
sion of MET signature phenotype is correlated with tumor progression and metasta-
sis [84]. Therefore, MET is a target of new drug development for treatment of
HCC. Cabozantinib, which inhibits both MET and VEGFR2, has been shown to
suppress tumor growth and metastasis both in vitro and in vivo [118]. This same
study also showed high levels of activated MET that are associated with poor
response to sorafenib, making this an attractive target for intervention. A phase I1I
randomized trial (the CELESTIAL trial) of cabozantinib versus placebo in advanced
HCC is still ongoing (Table 13.2). Tivantinib (ARQ197) which selectively targets
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¢-MET may also be a valuable drug for second-line therapy. A randomized phase 11
trial of tivantinib versus placebo showed that patients with MET-high tumors who
received tivantinib had median OS of 7.2 months, compared to 3.8 months for MET-
high patients who received the placebo (HR, 0.38) [119]. A Japanese phase III trial
(JET-HCC) with this drug is underway (Table 13.2).

TGF-g

TGF-f signaling is associated with cirrhosis, fibrosis, and inflammation as men-
tioned previously resulting in epithelial-to-mesenchymal transition and hepatocar-
cinogenesis [120]. Furthermore, late TGF-p signature correlates to tumor
invasiveness and recurrence [83]. Therefore, it is hypothesized that inhibition of
TGF-f in HCC will block both inflammation related to liver cirrhosis and HCC
tumor metastasis. However, in many cancers, TGF-f has been shown to have both
tumor suppressor and tumor promotor functions [121], making it difficult to develop
novel inhibitors for therapy. LY2157299 (galunisertib) is a TGF-f inhibitor that has
been shown to block HCC tumor invasion and angiogenesis in preclinical studies
[122]. Preliminary results of a phase II trial demonstrated tolerable toxicity and
increased TTP in patients with declines in serum alpha-fetoprotein and TGF-f3
levels [123]. Phase II clinical trials of galunisertib alone or in combination with
sorafenib are ongoing (Table 13.1). Identification of biomarkers which are predic-
tive of response will be useful for development of anti-TGF-f} agents.

RAS/MAPK

Selective inhibitors of the RAS/MAPK pathway, which affects cellular prolifera-
tion, include those targeting MEK and RAF. A phase II trial of the MEK inhibitor,
refametinib (BAY 86-9766), was conducted in 95 Asian, primary HBV-infected
patients assigned to receive refametinib 50 mg twice daily and sorafenib 200 mg
(morning)/400 mg (evening), with dose escalation to sorafenib 400 mg twice daily
if tolerated. Disease control rate was 44.8% with median TTP of 122 days.
Interestingly, the best clinical responders had RAS mutations, suggesting efficacy
of this treatment in selected RAS-mutated patients. Unfortunately, dose modifica-
tions due to adverse events such as diarrhea, nausea, and vomiting occurred in most
patients, which may limit the benefit of this therapeutic combination [124].
Additionally, a low proportion of HCC patients are known to have Ras mutation,
thus limiting the feasibility of MEK inhibitors. Additionally, BRAF inhibitors, such
as dabrafenib, are under early investigation for treatment in HCC. Many of these
drugs are already FDA approved for treatment of advanced melanoma, which com-
monly harbors BRAF mutations (Table 13.1).

Antiproliferative/Cell Cycle

Cyclin-dependent kinases (CDK) are critical regulators of cell cycle control and
apoptosis which are known to be deregulated in cancer [125]. CDKS are known to
be altered in HCC, through gene deletions such as CDKN2A, which control CDK
inhibitory proteins such as p16Ink4, p21, p27, and p57 [126]. Thus CDK inhibitors
that can halt cell cycle progression are another potential therapeutic intervention in
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the treatment of HCC. Examples of this are currently in preclinical phases of devel-
opment and include xylocydine, an inhibitor of CDK 1, 2, 7, and 9 which has shown
the ability to suppress growth of HCC xenografts in nude mice [127]. Additionally,
CDK4/6 inhibition can block proliferation in hepatoma cell lines [128]. A third
study showed that treatment of xenografted HCC with the novel compounds BA-12
and BP-14 that antagonize CDK1/2/5/7 and CDK9 decreased tumor formation. It
also diminished diethylnitrosamine (DEN)-induced hepatoma development in mice,
suggesting a role for efficacy in the treatment of HCC [129].

PI3K/mTOR Inhibitors

Everolimus is an mTOR inhibitor which has been shown to improve survival and
prevent tumor progression in preclinical models [130]. After success of early clini-
cal studies [131], everolimus was tested in a phase III randomized controlled trial
(EVOLVE-1) of 546 patients with sorafenib-refractory or intolerant advanced
HCC. There was no difference in median OS in patients who received everolimus
as compared to placebo (7.6 vs. 7.3 months). Interestingly, patients with HBV
infection fared better than those with HCV (HR 0.63 vs. 0.93). Furthermore, the
authors show that HBV-infected patients were more likely to have tuberous sclero-
sis 2 (TSC2)-null phenotype. This is significant since previous studies have shown
that this phenotype is a predictive biomarker for response to everolimus [132].
Therefore, further studies are needed to validate the use of mTOR inhibitors in
selected HCC patients.

HDACis

Histone deacetylases (HDAC) are important in chromatin remodeling, and epigen-
etic dysregulation plays a key role in HCC as previously described. HDAC inhibi-
tors have become important in cancer therapy. They mediate cell death through a
variety of mechanisms including cell growth arrest, induction of apoptosis, induc-
tion of autophagy, and anti-angiogenesis [80]. In an early phase I/II trial, 42 patients
with unresectable HCC received intravenous dosing of belinostat, an HDAC inhibi-
tor which is FDA approved for the treatment of peripheral T-cell lymphoma. The
study found that belinostat was well tolerated and resulted in disease stabilization.
Also, expression of HR23B, which is known to increase sensitivity to HDAC inhibi-
tors [133], was associated with improved disease stabilization [134]. Currently, sev-
eral phase I and II trials are underway evaluating the use of different HDAC
inhibitors alone or in combination with sorafenib (Table 13.1).

Immunomodulators

Immune checkpoint inhibitors have shown tremendous therapeutic activity in the
treatment of advanced melanoma [135]. These include antibodies against cytotoxic
T-lymphocyte protein (CTLA-4) and programmed cell death protein 1 (PD-1) and
its ligand (PD-L1). CTLA-4 is expressed on regulatory T cells (Tregs) and serves as
an inhibitory signal to activated T cells. Cancer cells protect themselves against
activated T cells in part by expressing PD-L1 which interacts with PD-1 to attenuate
T-cell responses. Therefore, inhibition of these immune checkpoints will improve
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tumor-associated immune responses. Thus far, results in clinical trials are promis-
ing. A phase I/II trial of nivolumab (anti-PD-1 antibody) showed that it was safe at
doses up to 10 mL/kg. A total of 47 patients with noninfected HBV- and HCV-
related HCC were examined, of whom 70% had extrahepatic metastasis. Most
patients had failed sorafenib therapy. The overall objective response rate was 19%,
with two patients (5%) demonstrating a complete response. Moreover, the dose
escalation part of the study assessed the efficacy of nivolumab at doses between 0.1
and 10 mL/kg. Most importantly, patients demonstrated stable or improved response
over time without the development of drug resistance [136]. This trial is still ongo-
ing, and results were recently presented at the ASCO meeting in 2016. Currently, a
phase III trial of nivolumab in HCC is underway (Table 13.2), as are other phase I
and II trials of CTLA-4 and PD-1 antibodies (Table 13.1).

13.5 Future Directions

Overall there have been substantial developments in understanding the molecular
pathogenesis of HCC. Unfortunately, this has not yet translated into more robust
therapeutic advances other than sorafenib. For patients with HCC not amenable to
potentially curative therapies such as resection, transplant, or ablation, there remain
limited options. For early-stage patients who are able to undergo potentially cura-
tive resection, the majority (70%) recur with no proven adjuvant therapy [137].
Even sorafenib has failed to have success in the adjuvant setting. In the STORM
randomized controlled phase III trial, over 1000 patients with early HCC who had a
complete radiologic response to surgical resection or local ablation were treated
with sorafenib 400 mg twice daily or placebo for up to 4 years. There was no differ-
ence in overall median recurrence-free survival between the two groups (33.7 vs.
33.3 months) [138]. These findings suggest that sorafenib may not prevent progres-
sion of early undetected tumor clones or de novo hepatocarcinogenesis. This high-
lights the fact that further research is indicated to better understand the molecular
pathways and signatures which are associated with tumor recurrence.

Many promising drugs have failed to meet primary endpoints in phase II or phase
IIT clinical trials based on the failure to show objective response rates based on the
RECIST criteria. However, these criteria can be misleading and may underestimate
response to immunotherapy or molecular targeted agents. As a result, the modified
RECIST criteria have been developed which characterizes active tumor tissue based
on arterial phase enhancement on imaging. These new criteria should be applied to
future trials and can be enhanced through identification of other markers of tumor
activity as opposed to just tumor size.

Other reasons for the lack of success in molecular targeted therapy thus far
include the highly heterogeneic nature of HCC which encompasses numerous alter-
ations in genetic pathways and epigenetic changes. Basket trials designed to enroll
patients based on a specific molecular alteration in their tumor may be a more prom-
ising strategy to evaluate targeted agents in clinical trials such has been done with
vemurafenib in VOOOE BRAF mutant cancers [139].
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Further improvements in targeted therapy for HCC will focus on gaining a better
understanding of molecular drivers and, most importantly, designing specific ther-
apy for each patient based on molecular classification and/or etiology of his or her
individual tumor(s). In addition, identification of biomarkers which will help iden-
tify responder from nonresponder to a specific therapy is also critical. Other promis-
ing avenues for research in the therapeutics of HCC include epigenetic modifiers
and miRNA-based therapies and agents that target HCC tumor-initiating cells (the
so-called cancer stem cells). Ultimately, the development of molecular targeted
agents for HCC hinges on more effective translational research that will be able to
show which agents are effective for which types of HCC.
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