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Preface

Recent advances in molecular biology have resulted in the mechanisms responsible 
for cancer progression being elucidated in detail, and molecular targeted drugs are 
now used in the treatment of various malignant diseases. Analyses of the molecular 
backgrounds of tumors are indispensable for the diagnosis and precise treatment of 
cancer. However, tumor-specific and comprehensive mechanisms are involved in 
these processes.

This book focuses on these issues and provides information from the viewpoint 
of molecular biology and its clinical applications. The molecular mechanisms of 
thoracic and gastrointestinal malignancies and their clinical applications are also 
outlined. This book is primarily for clinical oncologists but is also relevant to basic 
oncologists. It may also attract clinicians who have an interest in this field and are 
considering the initiation of molecular diagnoses and targeted therapies.

Although several good textbooks are currently available on molecular diagnoses 
and targeted therapies, our book places a strong emphasis on clinical applications 
from the viewpoint of oncologists specializing in specific organs. Furthermore, we 
focus on the role of molecular diagnoses and targeted therapies in the course of 
surgical treatment.

We hope this book will provide timely and useful information to clinicians.

Kyoto, Japan� Yutaka Shimada 
Tokyo, Japan � Katsuhiko Yanaga
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Chapter 1
Molecular Diagnosis and Targeting  
for Lung Cancer

Kazue Yoneda and Fumihiro Tanaka

Abstract  Lung cancer is the leading cause of cancer deaths associated with poor 
prognosis. Patients with advanced lung cancer had been “uniformly” treated with 
platinum-based cytotoxic chemotherapy, which had provided an only modest clini-
cal benefit. However, recent advances in molecular diagnosis and systemic treat-
ment targeting cancer hallmarks such as angiogenesis, oncogenic gene alteration, 
and evasion from cancer immunity have dramatically changed treatment strategies 
associated with a tremendous improvement in outcomes of lung cancer patients. 
Here, we review current status and future perspectives of molecular diagnosis and 
personalized “precision” medicine for lung cancer.

Keywords  Angiogenesis • Oncogenic alteration • EGFR (epidermal growth factor 
receptor) • ALK (anaplastic lymphoma kinase) • Immune checkpoint inhibitor

1.1  �Introduction

Lung cancer is the leading cause of cancer-related death worldwide [1, 2]. Lung 
cancer is classified into several histologic categories including four major subtypes 
as follows: small cell lung cancer (SCLC, ~15%), squamous cell carcinoma (~25%), 
adenocarcinoma (~50%), and large cell carcinoma (~10%). SCLC is biologically 
and clinically distinct from other subtypes, as characterized by early lymphatic and 
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distant metastatic spread as well as by higher responsiveness to cytotoxic chemo-
therapeutic agents [1, 3, 4]. The other histologic subtypes have been clinically cat-
egorized as a whole into non-small cell lung cancer (NSCLC), for which cytotoxic 
agents provided an only modest clinical benefit [1].

The optimal treatment for the cure of cancer patients is surgical removal, but less 
than 20% of lung cancer patients present with localized disease for which surgery 
may be indicated. The majority of patients present with metastatic disease and are 
treated with systemic treatment. During the last few decades, systemic chemother-
apy using cytotoxic agents, especially platinum-doublet chemotherapy consisting a 
platinum agent (cisplatin or carboplatin) plus one non-platinum agent, has been 
employed as the “standard care of treatment” and has provided an only modest sur-
vival benefit with the median overall survival (OS) of less than 2 years [1, 5–7]. 
However, recent discoveries of molecular hallmarks of cancer have changed our 
understanding of lung cancer, especially NSCLC, as a single disease to a disease 
comprising a variety of molecularly distinct subtypes, and novel agents targeting 
various cancer hallmarks have provided a tremendous improvement in treatment out-
comes for NSCLC carrying specific targets [1, 8–13] (Table 1.1). Among them, the 

Table 1.1  Overview of molecular targets and targeting agents for lung cancer

Agent
Approved indicationaName Target Class

Angiogenesis inhibitors

Bevacizumab VEGF Humanized 
MoAb (IgG1)

Non-squamous NSCLC
In combination with cytotoxic agents

Ramucirumab VEGFR-2 Fully human 
MoAb (IgG1)

Previously treated NSCLC
In combination with DOC

Nintedanib VEGFR-1, 
VEGFR-2, 
VEGFR-3

TKI Adenocarcinoma, after first-line 
chemotherapy

FGFR-1, 
FGFR-2, 
FGFR-3

In combination with DOC

PDGFR-α, 
PDGFR-β

# approved only by EMA

Inhibitors for driver oncogenic alterations

Gefitinib EGFR TKI EGFR-mutated NSCLC
Erlotinib EGFR TKI EGFR-mutated NSCLC
Afatinib EGFR TKI EGFR-mutated NSCLC
Osimertinib EGFR TKI T790M-positive, EGFR-mutated 

NSCLC, after treatment with 
EGFR-TKI (gefitinib, erlotinib,  
or afatinib)

Crizotinib ALK TKI ALK-rearranged NSCLC
Alectinib ALK TKI ALK-rearranged NSCLC
Ceritinib ALK TKI ALK-rearranged NSCLC, after 

treatment with crizotinib

K. Yoneda and F. Tanaka
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discovery of activating mutations in the epidermal growth factor receptor (EGFR) 
gene and development of inhibitors targeting tyrosine kinase of EGFR that is consti-
tutionally activated by these mutations have provided a paradigm shift in the treat-
ment of NSCLC; EGFR tyrosine kinase inhibitors (TKIs) are very effective for 
NSCLC harboring EGFR mutations accounting for 30–50% of NSCLC in East 
Asian patients, but not for NSCLC without EGFR mutations [14]. Similarly, TKIs of 
anaplastic lymphoma kinase (ALK) are effective only for tumor with ALK rearrange-
ments, which accounts for only 3–5% of NSCLC. Accordingly, precise molecular 
diagnosis is essential in achieving personalized, optimal treatment for each patient 
with lung cancer [13–16]. Future perspectives as well as current status of molecular 
diagnosis and targeting therapy in lung cancer are reviewed and discussed.

1.1.1  �Angiogenesis and Inhibitors

Angiogenesis plays essential roles in the development and progression of a vari-
ety of malignant tumors, and blockade of tumor angiogenesis may be a promis-
ing strategy for treating cancer [8, 17–19]. Tumor angiogenesis is mediated 
primarily through the interaction of vascular endothelial growth factor (VEGF) 
and its receptor (VEGFR-2), and several targeting agents have been developed 
and evaluated in clinical trials for lung cancer. For SCLC, anti-angiogenic agents 
including bevacizumab, an anti-VEGF antibody, have failed to provide a signifi-
cant clinical benefit [20–23]. For NSCLC, based on results in randomized con-
trolled trials (RCTs) comparing anti-angiogenic agents plus cytotoxic 

Agent
Approved indicationaName Target Class

Crizotinib ROS1 TKI ROS1-rearranged NSCLC
# approved only by FDA and EMA

Immune checkpoint inhibitors

Nivolumab PD-1 Fully human 
MoAb (IgG4)

Previously treated NSCLC

Pembrolizumab PD-1 Humanized 
MoAb (IgG4)

NSCLC with PD-L1 expression

Atezolizumab PD-L1 Humanized 
MoAb (IgG1)

Previously treated NSCLC
# approved only by FDA

aIndication, in Japan as of December 2016
VEGF vascular endothelial growth factor, EGFR vascular endothelial growth factor receptor, 
FGFR fibroblast growth factor receptor, PDGFR platelet-derived growth factor receptor, EGFR 
epidermal growth factor receptor, ALK anaplastic lymphoma kinase, T790M a “threonine (T) to 
methionine (M)” substitution at codon 790 of EGFR, PD-1 programmed cell death protein 1,  
PD-L1 programmed death-ligand 1, MoAb monoclonal antibody, TKI tyrosine kinase inhibitor, 
NSCLC non-small cell lung cancer, DOC docetaxel, EMA European Medicines Agency, FDA Food 
and Drug Administration

Table 1.1  (continued)

1  Molecular Diagnosis and Targeting for Lung Cancer
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chemotherapy with cytotoxic chemotherapy alone, two anti-angiogenic agents 
(bevacizumab [24–27] and ramucirumab [28]) are currently available for clinical 
use, and another agent (nintedanib [29]) is approved only by the European 
Medicines Agency (EMA) (Table 1.2).

The most important adverse event associated with the use of anti-angiogenic 
agents may be fatal bleeding. In fact, in a randomized phase 2 trial to investigate the 
efficacy and safety of an anti-VEGF antibody, bevacizumab, in addition to 
chemotherapy using carboplatin plus paclitaxel (CbP) for advanced NSCLC, an 
increased risk of a major life-threating bleeding described as grade ≥ 3 hemoptysis 
or hematemesis was documented in patients with squamous cell carcinoma (30.7%, 
4 of 13 patients) but not in patients with other histologic types including adenocar-
cinoma and large cell carcinoma (non-squamous NSCLC; 3.7%, 2 of 54 patients) 
[30]. Accordingly, only non-squamous NSCLC patients have been eligible in subse-
quent clinical trials of bevacizumab, and bevacizumab is approved and indicated 
only for non-squamous NSCLC patients (Table 1.1). The E4599, conducted by the 
Eastern Cooperative Oncology Group (ECOG), is the landmark phase 3 trial show-
ing a significant survival advantage of the use of bevacizumab in combination with 
chemotherapy (median overall survival time [MST], 10.3 months with CbP-alone 
versus 12.3 months with CbP plus bevacizumab; hazard ratio [HR] for death, 0.79; 
P = 0.003) [24]. Additional phase 3 trials have also indicated significant clinical 
benefits of the use of bevacizumab in combination with platinum-based chemo-
therapy [25–27] (Table 1.2).

Ramucirumab is a fully human antibody against VEGFR-2 [19]. In a placebo-
controlled phase 3 trial (REVEL) conducted for NSCLC with disease progression 
after first-line chemotherapy, ramucirumab plus docetaxel (DOC) has provided a 
significant survival advantage over DOC plus placebo (Table  1.2) [26] and is 
approved for previously treated NSCLC of all histologic subtypes including squa-
mous cell carcinoma (Table 1.1).

Nintedanib is a small molecule TKI targeting multiple angiogenic pathways 
mediated by VEGFRs (VEGFR-1, VEGFR-2, VEGFR-3), fibroblast growth factor 
receptors (FGFR-1, FGFR-2, FGFR-3), and platelet-derived growth factor receptors 
(PDGFR-α, PDGFR-β) [29]. Nintedanib is approved worldwide for the treatment of 
idiopathic pulmonary fibrosis (IPF) based on results of placebo-controlled trials 
demonstrating a significant reduction in annual decline in lung function by approxi-
mately 50% [31]. For the treatment of NSCLC, however, nintedanib is approved 
only by EMA (Table 1.1), as only a modest clinical benefit has been achieved with 
the use of nintedanib [29] (Table 1.2).

A variety of biological markers associated with clinical responses or survival 
benefits achieved with anti-angiogenic agents have been tested. Unfortunately, no 
clinically useful predictive marker has been established. For example, serum levels 
of several angiogenesis-related molecules (VEGF, basic fibroblast growth factor 
[bFGF], soluble intercellular adhesion molecule [ICAM], and E-selectin) were pro-
spectively measured and correlated with the effect of bevacizumab in the E4599 
trial. Serum VEGF levels proved to be predictive of tumor response to bevacizumab, 
but failed to predict a survival benefit with bevacizumab [32].

K. Yoneda and F. Tanaka
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Table 1.2  Key randomized clinical trials of anti-angiogenic agents for advanced non-small cell 
lung cancer (NSCLC)

Trial
Key eligible 
criteria Arm (No. of pts)

Results

ORR
PFS 
(median)

OS 
(median)

Bevacizumab (anti-VEGF antibody)

E4599 phase 
3 [24]

Non-squamous 
NSCLC, 
previously 
untreated

CbP (n = 433) 15% 4.5 m 10.3 m
CbP + Bev (15) 
(n = 417)

35% 
(P < 0.001)

6.2 m 
HR = 0.66 
(95% CI, 
0.57–0.77; 
P < 0.001)

12.3 m 
HR = 0.79 
(95% CI, 
0.67–0.92; 
P = 0.003)a

AVAil 
(BO17704) 
phase 3  
[25, 26]

Non-squamous 
NSCLC, 
previously 
untreated

CdG + Pla 
(n = 347)

20.1% 6.1 m 13.1 m

CdG + Bev (7.5) 
(n = 345)

34.1% 
(P < 0.0001)

6.7 m 
HR = 0.75 
(95% CI, 
0.62–0.91; 
P = 0.003)a

13.6 m 
HR = 0.93 
(95% CI, 
0.78–1.11; 
P = 0.420)

CdG + Bev (15) 
(n = 351)

30.4% 
(P = 0.0023)

6.5 m 
HR = 0.82 
(95% CI, 
0.68–0.98; 
P = 0.03)a

13.4 m 
HR = 1.03 
(95% CI, 
0.86–1.23; 
P = 0.761)

BEYOND 
(YO25404) 
phase 3 [27]

Non-squamous 
NSCLC, 
previously 
untreated

CbP + Pla 
(n = 138)

26% 6.5 m 17.7 m

CbP + Bev (15) 
(n = 138)

54% 
(P < 0.001)

9.2 m 
HR = 0.40 
(95% CI, 
0.29–0.54; 
P < 0.001)a

24.3 m 
HR = 0.68 
(95% CI, 
0.50–0.93; 
P = 0.0154)

Ramucirumab (anti-VEGFR-2 antibody)

REVEL 
phase 3 [28]

NSCLC, PD 
after 1st-line 
platinum-
based 
chemotherapy

DOC + Pla 
(n = 625)

14% 3.0 m 9.1 m

DOC + Ram 
(n = 628)

23% 
(P < 0.0001)

4.5 m 
HR = 0.76 
(95% CI, 
0·68–0·86; 
P < 0.0001)

10.5 m 
HR = 0.86 
(95% CI, 
0·75–0·98; 
P = 0.023)a

Nintedanib (multi-targeting TKI)

LUME-
Lung1 phase 
3 [29]

NSCLC, PD 
after First-line 
chemotherapy

DOC + Pla 
(n = 659)

3.3% Primary 
2.7 m

9.1 m

DOC + Nin 
(n = 655)

4.4% 
(P = 0.3067)

3.4 m 
HR = 0.79 
(95% CI, 
0.68–0.92; 
P = 0.0019)a

10.1 m 
HR = 0.94 
(95% CI, 
0.83–1.05; 
P = 0.2720)

aIndicates the primary endpoint of each trial
ORR objective response rate, PFS progression-free survival, OS overall survival, HR hazard ratio, CI 
confidence interval, PD progressive disease, VEGF vascular endothelial growth factor, CbP carbopla-
tin plus paclitaxel, CdG cisplatin plus gemcitabine, Pla placebo, Bev (15) bevacizumab (15 mg/kg), 
Bev (7.5) bevacizumab (7.5 mg/kg), DOC docetaxel, Ram ramucirumab, Nin nintedanib

1  Molecular Diagnosis and Targeting for Lung Cancer
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1.1.2  �Driver Oncogenic Gene Alterations and Targeting Agents

Since the discovery of activating mutations in the EGFR gene [33, 34], a number of 
gene alterations to “drive” oncogenic transformation have been identified in non-
squamous NSCLC, mainly in adenocarcinoma (Fig. 1.1) [9, 10, 35–38]. As noted, 
the majority of “oncogenic” alterations are seen in genes coding receptor tyrosine 
kinase (RTK) such as EGFR, HER2, MET, ALK, ROS1, and RET and are caused 
through two different types of mechanisms as follows: (1) “small-scale” mutations 
including substitution, deletion, and insertion of nucleotides within a gene (EGFR, 
HER2, KRAS, BRAF, MET) and (2) “large-scale” alterations in chromosomal struc-
ture including chromosomal transformation to rearrange a gene, leading to the for-
mation of a new “oncogenic” fusion gene with a partner gene (ALK, ROS1, RET).

“Driver” alterations may confer hypersensitivity to specific inhibitors. EGFR-
TKIs and ALK-TKIs are currently approved worldwide for treating advanced 
NSCLC with EGFR mutations and ALK rearrangements, respectively. In addition, 
crizotinib has been recently approved by EMA and by the Food and Drug 
Administration (FDA) (Table  1.1). Today, molecular testing is mandatory at the 
time of initial diagnosis, before the initiation of systemic treatment, of advanced 
non-squamous NSCLC [15].

1.1.2.1  �EGFR Mutations and EGFR-TKIs

EGFR is a transmembrane spanning RTK, which is composed of an extracellular 
ligand-binding region, a transmembrane region, a juxta-membrane region, and an 
intracellular region. The intracellular region contains the tyrosine kinase (TK) 

Japan

EGFR 53.0%

KRAS 9.4%

HER2 1.9%

ALK 3.4%

ROS1 1.2%
RET 1.9%

France

ALK 5%BRAF 2%

EGFR 12%

HER2 1%

KRAS 27%

PI3K 2%

Fig. 1.1  Driver oncogenic gene alterations in lung adenocarcinoma in Japan (left, data from refer-
ences [9, 10]) and in France (right, data from reference [11])

K. Yoneda and F. Tanaka
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domain and the carboxyl-terminal (C-terminal) domain that contains at least five 
tyrosine residues that may be autophosphorylated [39–43] (Fig. 1.2a). The EGFR 
family members, EGFR and its three close relatives (HER-2, HER-3, and HER-4), 
play important roles in normal biological processes such as cell proliferation, dif-
ferentiation, and migration [40, 43–45]. On binding to specific activating ligands 
such as EGF, transforming growth factor-α, betacellulin, heparin-binding EGF-like 

Fig. 1.2  (a) Structure of epidermal growth factor receptor (EGFR) and EGFR gene comprising of 
28 exons. Exons 18–24 code the intracellular tyrosine kinase (TK) domain including adenosine 
triphosphate (ATP)-binding pocket. The hydrophorbic pocket in the back of the ATP-binding cleft 
comprises of eight amino acids as follows: threonine (T) at codon 790, the “gatekeeper” at the 
entrance of the pocket, glutamine (Q) at codon 791, leucine (L) at codon 792, methionine (M) at 
codon 793, proline (P) at codon 794, phenylalanine (F) at codon 795, glycine (G) at codon 796, 
cysteine (C) at codon 797. The carboxyl-terminus (C-terminus) contains at least five tyrosine (Y) 
residues for autophosphorylation. (b) Ligand-dependent activation of TK of EGFR. Dimerization 
of EGFR leads to activation of TK domain followed by autophosphorylation of tyrosine residues 
at the C-terminus, which results in activation of downstream signaling pathways associated with 
cell proliferation, cell survival, cell migration, and angiogenesis. (c) Deletions in exon 19 affecting 
elimination of amino-acid sequences of “leucine (L) at codon 747, arginine (R) at codon 748, 
glutamic acid (E) at codon 749, alanine (A) at codon 750” (ΔLREA) as well as a point mutation in 
exon 21 affecting a “leucine (L) to arginine (R)” substitution at codon 858 (L858R) are oncogenic 
through ligand-independent, constitutive TK activation. Dimerization partner in activated form of 
mutated EGFR is deleted in the figure. (d) Activated TK caused by oncogenic EGFR mutations can 
be effectively inhibited by tyrosine kinase inhibitors (TKIs). Reversible “first-generation” inhibi-
tors (gefitinib and erlotinib) competitively inhibit ATP binding, and irreversible inhibitors such as 
afatinib and osimertinib covalently bind to C797
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growth factor, amphiregulin, epiregulin, and epigen, EGFR forms homo- or het-
erodimers with other EGFR members, which leads to activation of intracellular TK 
domain. The activated TK domain catalyzes autophosphorylation of specific tyro-
sine residues within the C-terminal domain through transferring γ-phosphate of 
adenosine triphosphate (ATP) and subsequently activates several signaling path-
ways such as Ras-Raf-mitogen-activated protein kinase (MAPK) pathway, phos-
phatidylinositol-3 kinase (PI3K)-AKT pathway, and Janus kinase (JAK)-signal 
transducer and activator of transcription (STAT) pathway; activation of these path-
ways finally results in accelerated cell proliferation and migration, evasion from 
apoptosis, and prolonged cell survival, promoting angiogenesis [39–42] (Fig. 1.2b).

The EGFR gene, located on the chromosome 7p11.2 region, comprises 28 exons, 
and exons 18–24 encode the TK domain of EGFR [46] (Fig. 1.2a). In 2004, somatic 
mutations in the EGFR gene were discovered in NSCLC patients who response to 
an EGFR-TKI (gefitinib) [33, 34]. Since the discovery, a variety of EGFR mutations 
have been identified, which cluster in exons 18–21 that encode the ATP-binding 
pocket of the TK domain [14]. The most common mutations are in-frame deletions 
in exon19 and a point mutation in exon 21, comprising over 90% of EGFR muta-
tions documented in NSCLC [14, 46]; deletions in exon 19 including codons 747–
750 affect elimination of the conserved amino-acid sequences of “leucine (L) at 
codon 747, arginine (R) at codon 748, glutamic acid (E) at codon 749, and alanine 
(A) at codon 750” (ΔLREA), and the point mutation in exon 21 affects a “leucine 
(L) to arginine (R) substitution” at codon 858 (L858R) [33, 34, 46–50] (Fig. 1.2c). 
Several studies have revealed that these mutations are oncogenic through constitu-
tive and ligand-independent activation of tyrosine kinase of EGFR by stabilizing the 
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active conformation as well as by promoting dimerization [42, 51–53]. As noted, 
these activating mutations are predominantly detected in lung adenocarcinoma, and 
the incidence is significantly different according to ethnicity (47.9% in East Asian 
patients with adenocarcinoma versus 19.2% in Western patients with adenocarci-
noma) and smoking status (37.6–62.5% in never-light smokers versus 8.4–35.9% in 
ever-heavy smokers) (Fig. 1.1) [15, 54–56].

In EGFR-mutated tumor, malignant phenotype such as autonomic cell prolifera-
tion solely depends on constitutively activated tyrosine kinase of EGFR caused by 
activating mutations (“oncogene addiction”), which may be effectively inhibited by 
agents targeting tyrosine kinase of EGFR (Fig.  1.2d) [57]. Several experimental 
studies have shown that “first-generation” EGFR-TKIs, either gefitinib or erlotinib, 
competitively bind to the ATP-binding site of EGFR and effectively inhibit auto-
phosphorylation and activation of consequent downstream signaling cascades [50, 
58]. In clinical setting, a number of retrospective studies have indicated a significant 
correlation between the presence of EGFR mutations and response to EGFR-TKIs 
in NSCLC [15, 59]. The IRESSA Pan-Asia Study (IPASS), comparing gefitinib 
with chemotherapy (CbP) as a first-line treatment of advanced lung adenocarci-
noma among nonsmokers or former light smokers in East Asia, is the landmark trial 
to confirm that the presence of EGFR mutations is the predictor of the response to 
an EGFR-TKI (objective response rate [ORR] with gefitinib group, 71.2% for 
EGFR mutation-positive patients versus 1.1% for EGFR mutation-negative patients) 
[60, 61]. All subsequent phase 3 trials comparing a first-generation EGFR-TKI 
(gefitinib or erlotinib) with platinum-doublet chemotherapy for previously untreated 
patients with advanced NSCLC harboring “sensitizing” EGFR mutations (i.e., 
ΔLREA and L858R) have met the primary endpoint of improving progression-free 
survival (PFS), although no significant improvement in overall survival (OS) has 
been indicated mainly due to impact of post-study treatment crossover (e.g., gefi-
tinib after failure of chemotherapy) on OS [62–68] (Table 1.3).

Afatinib is a “second-generation” EGFR-TKI, which covalently binds to a cyste-
ine residue at codon 797 (C797) at the edge of ATP-binding cleft of the TK domain 
of EGFR (Fig. 1.2d). Owing to covalent, irreversible nature of the binding, afatinib 
may achieve a greater inhibitory effect as compared with reversible “first-generation” 
EGFR-TKIs. Afatinib also inhibits tyrosine kinase of other EGFR family members 
(HER-2, HER-3, and HER-4), which may provide a more potent antitumor activity 
[74]. Two phase 3 trials comparing afatinib with platinum-doublet chemotherapy 
for untreated EGFR-mutated NSCLC have demonstrated a significantly prolonged 
PFS with afatinib [69–71] (Table 1.3). Based on these results, first-line treatment 
with an EGFR-TKI, either gefitinib, erlotinib, or afatinib, is recommended as the 
“standard care” of patients with advanced NSCLC harboring sensitizing EGFR 
mutations [16, 75–77].

Despite initial favorable responses, a vast majority of patients eventually develop 
progressive disease due to “acquired resistance” after 10–14 months of treatment 
with EGFR-TKIs. A variety of mechanisms of acquired resistance to “first-
generation” EGFR-TKIs have been identified as follows: (1) target alterations by 
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Table 1.3  Key randomized clinical trials of EGFR-TKIs for previously untreated, advanced non-
small cell lung cancer (NSCLC) harboring activating EGFR mutations

Trial

Key 
eligible 
criteria

Arm  
(No. of pts)

Results

ORR
PFS 
(median) OS (median)

EGFR-TKI versus chemotherapy

NEJ002 phase 
3 [62, 63]

ΔLREA, 
L858R, or 
other 
EGFR 
mutations 
(6.1%)

CbP (n = 114) 30.7% 5.4 m 26.6 m
Gefitinib 
(n = 114)

73.7% 
(P < 0.001)

10.8 m 
HR = 0.30 
(95% CI, 
0.22–0.41; 
P < 0.001)

27.7 m 
HR = 0.887 
(95% CI, 
0.634–1.241; 
P = 0.483

WJTOG3405 
phase 3 [64]

ΔLREA 
or L858R

CdDOC 
(n = 86)

32.2% 6.3 m 37.3 m

Gefitinib 
(n = 86)

62.1% 
(P < 0.0001)

9.2 m 
HR = 0.489 
(95% CI, 
0.336–0.710; 
P < 0.0001)

34.8 m 
HR = 1.252 
(95% CI, 
0.883–1.775; 
P = 0.206)

OPTIMAL 
phase 3  
[65, 66]

ΔLREA 
or L858R

CbG (n = 72) 36% 4.6 m 27.2 m
Erlotinib 
(n = 82)

83% 
(P < 0.0001)

13.7 m 
HR = 0.16 
(95% CI, 
0.10–0.26; 
P < 0.0001)

22.8 m 
HR = 1.19 
(95% CI, 
0.83–1.71; 
P = 0.2663)

EURTAC 
phase 3 [67]

ΔLREA 
or L858R

CdDOC/CdG 
CbDOC/CbG, 
allowed 
(n = 87)

14.9% 5.2 m 19.6 m

Erlotinib 
(n = 86)

58.1% 9.7 m 
HR = 0.37 
(95% CI, 
0.25–0.54; 
P < 0.0001)

22.9 m 
HR = 0.92 
(95% CI, 
0.63–1.35; 
P = 0.68)

ENSURE 
phase 3 [68]

ΔLREA 
or L858R

CdG (n = 107) 33.6% 5.5 m 25.5 m
Erlotinib 
(n = 110)

62.7% 11.0 m 
HR = 0.34 
(95% CI, 
0.22–0.51; 
P < 0.0001)

26.3 m 
HR = 0.91 
(95% CI, 
0.63–1.31; 
P = 0.6073)

LUX-lung 3 
phase 3  
[69, 70]

ΔLREA, 
L858R, or 
other 
EGFR 
mutations 
(10.7%)

CdPem 
(n = 115)

23% 6.90 m 28.2 m

Afatinib 
(n = 230)

56% 
(P = 0.001)

11.14 m 
HR = 0.58 
(95% CI, 
0.43–0.78; 
P = 0.001)

28.2 m 
HR = 0.88 
(95% CI, 
0.66–1.17; 
P = 0.39)

(continued)
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second mutations in the EGFR gene, (2) activation of downstream signalings or 
bypass tracks including MET pathway, and (3) phenotype changes including 
epithelial-mesenchymal transition (EMT) or change to SCLC [78–81] (Fig. 1.3). A 
second mutation (a single base-pair change from cytosine to thymidine [C to T] at 
position 2368) in exon 20, affecting a “threonine (T) to methionine (M)” at codon 
790 of EGFR (T790M), is most common, accounting for 50–60% of acquired resis-
tance to “first-generation” EGFR-TKIs [78–80]. The threonine at codon 790 (T790) 
is so-called gatekeeper, as it is located at the entrance to a hydrophorbic pocket in 
the back of ATP-binding cleft in the TK domain of EGFR [42] (Fig. 1.2a). As the 
position is a key determinant of affinity and specificity of inhibitors, the substitution 
of a larger amino acid (M) for a small amino acid (T) may cause an increased affin-
ity of ATP as well as a decreased affinity of first-generation EGFR-TKIs to the ATP-
binding cleft, leading to acquired resistance [78, 82–84] (Fig.  1.3). Acquired 
resistance caused by T790M can be overcome by more potent inhibitors that cova-
lently and irreversibly bind to TK domain, and experimental studies have shown 
that afatinib is effective for tumors carrying T790M in addition to L858R [85]. In 
clinical studies, however, afatinib has provided only a modest clinical benefit in 

Table 1.3  (continued)

Trial

Key 
eligible 
criteria

Arm  
(No. of pts)

Results

ORR
PFS 
(median) OS (median)

LUX-lung 6 
phase 3  
[70, 71]

ΔLREA, 
L858R, or 
other 
EGFR 
mutations 
(11.0%)

CdG (n = 122) 23.0% 5.6 m 23.5 m
Afatinib 
(n = 242)

66.9% 
(P < 0.0001)

11.0 m 
HR = 0.28 
(95% CI, 
0.20–0.39; 
P < 0.0001)

23.1 m 
HR = 0.93 
(95% CI, 
0.72–1.22; 
P = 0.61)

Gefitinib versus afatinib

LUX-lung 7 
phase 2B  
[72, 73]

ΔLREA 
or L858R

Gefitinib 
(n = 159)

56% 10.9 m 24.5 m

Afatinib 
(n = 160)

70% 
(P = 0.0083)

11.0 m 
HR = 0.73 
(95% CI, 
0.57–0.95; 
P = 0.017)

27.9 m 
HR = 0.86 
(95% CI, 
0.66–1.12; 
P = 0.2580)

aProgression-free survival (PFS) as the primary endpoint in each trial, and overall survival (OS) 
and time-to-treatment failure as co-primary endpoints in the LUX-Lung7 trial
EGFR-TKI tyrosine kinase inhibitor of epidermal growth factor receptor ORR objective response 
rate, PFS progression-free survival, OS overall survival, HR hazard ratio, CI confidence interval, 
ΔLREA deletion mutations in exon 19 of EGFR gene (affecting elimination of the conserved 
amino-acid sequences of “leucine (L) at 747, arginine (R) at 748, glutamic acid (E) at 749 alanine 
(A) at codon 750”), L858R point mutation in exon 21 of EGFR gene (affecting a “leucine (L) to 
arginine (R)” substitution at codon 858), CbP carboplatin plus paclitaxel, CdDOC cisplatin plus 
docetaxel, CbDOC carboplatin plus docetaxel, CdG cisplatin plus gemcitabine, CbG carboplatin 
plus gemcitabine, CdPEM cisplatin plus pemetrexed
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patients who progressed after treatment with either gefitinib or erlotinib (ORR, 
5.9–7%) [86, 87], whereas a phase 2b “head-to-head” trial (LUX-Lung7) compar-
ing afatinib with gefitinib as first-line treatment has shown a superior PFS with 
afatinib (Table 1.3) [72, 73]. Afatinib may cause increased toxicity by inhibiting 
both mutated and wild-type EGFRs, which limits the use of escalated afatinib doses 
that are enough to overcome T790M in clinical setting.

Accordingly, “third-generation” EGFR-TKIs that are designed to overcome 
T790M through mutant-selective inhibition have been developed [88–91]. 
Osimertinib (AZD9291) is the only approved agent for treatment of patients with 
T790M-positive NSCLC who progressed after treatment with EGFR-TKI (gefi-
tinib, erlotinib, or afatinib) [92]. In preclinical models, osimertinib potently inhibits 
tyrosine kinase of mutated EGFR (ΔLREA or L858R), with or without T790M, 
through covalent binding to C797 (Fig.  1.2d), but shows only limited inhibitory 
effects for wild-type EGFR [93]. Osimertinib, as expected form its mutant-selective 
profile of EGFR inhibition, showed a significant clinical benefit (ORR, 61–70%; 
median PFS, 9.6–9.9 months) with a favorable safety profile in early clinical trials 
conducted for T790M-positive NSCLC [94, 95]. A phase 3 trial (AURA3) comparing 
osimertinib with chemotherapy (pemetrexed plus either cisplatin or carboplatin) for 
T790M-positive, EGFR-mutated NSCLC patients who progressed after first-line 
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Fig. 1.3  Mechanisms of “acquired resistance” for tyrosine kinase inhibitors of epidermal growth 
factor (EGFR-TKIs). Target alteration by a resistant mutation in exon 20 affecting a “threonine (T) 
to methionine (M)” substitution at codon 790 (T790M) accounts for approximately 50–60% of 
acquired resistance following treatment with first-generation EGFR-TKIs
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EGFR-TKI therapy has confirmed a greater efficacy with osimertinib, showing a 
significantly longer PFS (median PFS, 10.1  months with osimertinib versus 
4.4 months with chemotherapy; HR, 0.30; 95% confidence interval [CI], 0.23–0.41; 
P < 0.001), a higher ORR (71% versus 31%; odds ratio, 5.39; 95% CI, 3.47–8.48; 
P < 0.001), and a lower incidence of adverse events of grade 3 or higher (23% ver-
sus 47%) [96]. Based on these results, at the time of progression after first-line 
treatment with an EGFR-TKI (either gefitinib, erlotinib, or afatinib), re-biopsy to 
explore the mechanism responsible for acquired resistance is recommended for 
decision-making of subsequent treatment; osimertinib is recommended if T790M is 
positive, and platinum-doublet chemotherapy is recommended if T790M is negative 
[15, 81, 97–99].

1.1.2.2  �ALK Rearrangements and ALK-TKIs

ALK is a RTK which is thought to play a role in the development of nervous system 
and exert its effects in specific neurons [100]. In the adult human, ALK expression 
is restricted to the central nervous system and is not detected in other normal tissues 
[101]. The ALK gene, located on the chromosome 2p23 region, encodes, may be 
oncogenic through generation of fusion to another gene as a result of chromosomal 
translocation. The first identified “oncogenic” fusion gene was NPM1-ALK causing 
anaplastic large cell lymphoma [102]. The most common fusion gene found in 
NSCLC is EML4-ALK, which is generated as a result of a small inversion between 
ALK and EML4 located on the same chromosome (2p21). In its product (EML4-
ALK) comprising the amino-terminal portion of EML4 fused to the kinase domain 
of ALK, tyrosine kinase is constitutively activated, leading to oncogenic transfor-
mation (Fig. 1.4) [103]. Since the discovery of EML4-ALK, several rearranged ALK 
fusion genes such as KIF5B-ALK [104] and KCL1-ALK [105] have been identified 
in NSCLC.

The diagnosis of ALK rearrangements is clinically important, because ALK-
TKIs are effective only in ALK-rearranged (ALK+) tumor which accounts for 3–6% 
of NSCLC. Unlike EGFR mutations for which detection assays with gene amplifi-
cation by polymerase chain reaction (PCR) are usually employed, ALK rearrange-
ments may be diagnosed with several assays including fluorescence in situ 
hybridization (FISH), reverse-transcription PCR (RT-PCR), and immunohisto-
chemistry (IHC) (Fig. 1.4) [15, 106]. The current “gold standard” assay for selec-
tion of patients for ALK-TKIs is the FISH assay to detect the chromosomal “break” 
within ALK locus on 2p23, as it can detect all types of ALK fusions and is validated 
in several clinical trials of ALK-TKIs. However, the FISH assay may not be feasible 
in routine clinical practice, especially in screening, due to a higher cost and its need 
for technical expertise in sample preparation as well as in evaluation of the results 
[15, 106]. Alternatively, IHC may be useful as a rapid and relatively inexpensive 
method for screening, which is applicable for routine formalin-fixed 

K. Yoneda and F. Tanaka



15

paraffin-embedded (FFPE) tissues [104]. A commonly employed anti-ALK anti-
body (D5F3 or 5A4) reacts with not only rearranged ALK but also wild-type 
ALK. However, as ALK is not expressed in normal lung tissues, the presence of 
ALK expression strongly suggests the presence of rearranged ALK. In fact, several 
studies have revealed high concordance rates, over 90%, between a positive IHC 
result and a positive FISH result. Accordingly, ALK-IHC may be recommended in 
screening for patients with ALK + NSCLC who are eligible for treatment with ALK-
TKIs [15]. RT-PCR is the most sensitive method to detect ALK fusions [107], but 
the routine clinical use is challenging because of its difficulty in applying for FFPE 
tissues. In addition, only known ALK fusions, for which specific primers shall be 
prepared, can be amplified and detected [15, 106].

Crizotinib is the first approved ALK-TKI, which had been originally developed 
as a TKI of MET and subsequently was found to inhibit ALK and ROS1 [108]. 
Early clinical trials have indicated a promising clinical activity for ALK + NSCLC 
(ORR, approximately 60%) [109, 110]. Subsequent two phase 3 trials comparing 
crizotinib with chemotherapy, one (PROFLILE1014) in first-line setting and the 
other (PROFILE1007) in the second-line setting, have proved superior clinical 
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Fig. 1.4  Rearrangements of anaplastic lymphoma kinase (ALK) gene by chromosomal transloca-
tion may generate oncogenic fusion genes such as EML4-ALK. ALK rearrangement can be diag-
nosed with fluorescence in situ hybridization (FISH) to detect the chromosomal “break” within 
ALK locus on 2p23, reverse-transcription polymerase chain reaction (RT-PCR) to detect fusion 
genes, and immunohistochemistry (IHC) to detect expression of ALK that is not expressed in 
normal lung tissues
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benefits of crizotinib over chemotherapy (Table 1.4) [111, 112], and crizotinib is 
recommend for ALK + NSCLC [16, 77, 114].

Despite initial dramatic response to crizotinib, most patients develop disease 
progression within 1 year after initiation of treatment, and a variety of mechanisms 
of acquired resistance including target alterations by second ALK mutations have 
been identified [80, 114–117]. Unlike acquired resistance to EGFR-TKIs, the “gate-
keeper” mutation, L1196M, comprises only a small fraction (up to 10%) of mecha-
nisms of resistance to crizotinib [80, 114–117]. Diverse and heterogeneous 
mechanisms including ALK amplification and various mutations other than L1196 
may be an important issue in treating patients who progressed after treatment with 
crizotinib. To overcome acquired resistance to crizotinib, a number of “new-

Table 1.4  Key randomized clinical trials of ALK-TKIs for advanced non-small cell lung cancer 
(NSCLC) with ALK rearrangement (ALK+)

Trial
Key eligible 
criteria Arm

Results

ORR
PFS 
(median)

OS 
(median)

Crizotinib versus chemotherapy

PROFILE1007 
phase 3 [111]

ALK + NSCLC, 
previously 
untreated

CdPem or 
CdPem 
(n = 171)

45% 7.0 m NR

Crizotinib 
(n = 172)

75% 
(P < 0.001)

10.9 m 
HR = 0.45 
(95% CI, 
0.35–0.60; 
P < 0.001)

NR 
HR = 0.82 
(95% CI, 
0.54–1.26; 
P = 0.36)

PROFILE1014 
phase 3 [112]

ALK + NSCLC, 
PD after one 
platinum-based 
chemotherapy

DOC or 
Pem 
(n = 174)

20% 3.0 m 22.8 m

Crizotinib 
(n = 173)

65% 
(P < 0.001)

7.7 m 
HR = 0.49 
(95% CI, 
0.37–0.64; 
P < 0.001)

20.3 m 
HR = 1.02 
(95% CI, 
0.68–1.54; 
P = 0.54)

Crizotinib versus Alectinib

J-ALEX phase 
3 [113]

ALK + NSCLC, 
previously 
untreated

Crizotinib 
(n = 104)

70.2% 10.2 m Not 
reported

Alectinib 
(n = 103)

85.4% 
(P < 0.0001)

NR 
HR = 0.34 
(95% CI, 
0.17–0.71; 
P < 0.0001)

Not 
reported

aProgression-free survival (PFS) as primary endpoint of each trial
ALK-TKI tyrosine kinase inhibitor of anaplastic lymphoma kinase (ALK), ORR objective response 
rate, PFS progression-free survival, OS overall survival, HR hazard ratio, CI confidence interval, 
NR not reached for estimation of median survival time, CdPem cisplatin plus pemetrexed, CbPem 
carboplatin plus pemetrexed, DOC docetaxel, Pem pemetrexed
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generation” ALK-TKIs such as ceritinib [118–120], alectinib [121, 122], and 
brigatinib [123] have been developed and showed promising activities (ORR, 
38–71%) in clinical trials. Based on these results, ceritinib and alectinib are approved 
for treatment of ALK + NSCLC patients who progressed after crizotinib treatment. 
Alectinib is also active for patients with crizotinib-naïve ALK + NSCLC in early 
clinical studies [124], and a recent phase 3 trial (J-ALEX) comparing alectinib with 
crizotinib as a first-line treatment showed a significantly better PFS and a more 
favorable toxicity profile with alectinib (Table 1.4) [113], suggesting alectinib is a 
new standard first-line treatment option for ALK + NSCLC patients.

1.1.2.3  �Other Oncogenic Alterations and Targeting Agents

ROS1 rearrangement is a rare oncogenic alteration seen in NSCLC, predominantly 
in adenocarcinoma developing in never-to-light smokers like ALK rearrangement 
[125] (Fig. 1.1). As crizotinib inhibits tyrosine kinase of ROS1 as well as that of 
ALK in preclinical models, clinical studies have been conducted and have shown a 
robust efficacy for ROS1-rearranged NSCLC (ORR, 72–80%; median PFS,  
9.1–19.2 months) [16, 126].

Other promising agents targeting oncogenic alterations in NSCLC are vande-
tanib for RET-rearranged tumor [127], dabrafenib for BRAF-mutated tumor [128, 
129] and and MET exon 14 skipping mutated tumor [130, 131].

KRAS mutations are the most common “driver” alteration in Western NSCLC 
patients (Fig. 1.1) [11], which account in approximately 30% of adenocarcinoma of 
the lung [11–13, 132]. Unlike EGFR mutations, KRAS mutations are not frequently 
found in East Asian patients and are more commonly seen in smokers [13]. 
Unfortunately, no effective agent or treatment strategy has been established for 
RAS-mutated NSCLC [13].

1.1.3  �Immune Checkpoints and Inhibitors

Cancer immunotherapy is the use of the immune system to treat cancer. Traditional 
immunotherapy is principally aimed to activate immune cells such as cytotoxic 
T-cells (CTLs), but has failed to provide a significant clinical benefit in most malig-
nant tumors. However, novel strategies to inhibit negative regulators (“immune 
checkpoints”) of cancer immunity have changed the “tide” after tremendous suc-
cess of recent clinical trials for multiple tumors including NSCLC [133–137].

Cancer immunity comprises a series of steps (“cancer-immunity cycle”) as fol-
lows [134]: (1) release of neoantigens from cancer cells and capture of neoanti-
gens by antigen-presenting cells (APCs) such as dendritic cells (DCs), (2) 
presentation of processed fragments of neoantigens (peptides) on major histocom-
patibility complex (MHC) class I and class II molecules by APCs to T-cells, (3) 
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priming and activation of effector T-cells that respond against cancer-specific neo-
antigens (cytotoxic T-cells, CTLs), (4) trafficking CTLs to tumors through blood 
vessels, (5) infiltration of CTLs to tumors, (6) recognition and binding to cancer 
cells by CTLs through interaction between T-cell receptor (TCR) on CTLs and its 
cognate neoantigen on MHC class I molecules, and (7) killing of target cancer 
cells. The “cancer-immunity cycle” is controlled not only by positive regulators to 
enhance immunity but also by negative regulators (“immune checkpoints”) to pre-
vent overactivation of immunity. Cancer cells may evade from immune attack by 
utilizing immune checkpoints to survive and proliferate, and the inhibition has 
emerged a new strategy of cancer immunotherapy [133, 134]. Among various 
immune checkpoint molecules, major targets in today’s cancer immunotherapy 
are cytotoxic T-lymphocyte-associated protein 4 (CTLA-4, also known as CD152) 
that acts primarily at the step of priming and activation of T-cells and programmed 
death protein 1 (PD-1, also known as CD279) that mainly acts at later step and 
inhibits immune attack by CTLs (Fig. 1.5) [134–137]. In lung cancer, several anti-
bodies inhibiting PD-1 by blocking PD-1 or its ligand (PD-L1) have been evalu-
ated in clinical trials, and some are currently available in clinical practice 
(Table 1.1) [136, 137].

“evasion”

Cytotoxic T-lymphocyte
(CTL)“immune attack”

CTLA-4

PD-1

“activation”

Antigen presenting cell
(APC)

PD-L1

Tumor cell

Anti PD-1 Ab: Nivolumab

Anti PD-L1 Ab: Atezolizumab

Anti PD-1 Ab: Pembrolizumab

Anti CTLA-4 Ab: Ipilimumab

Cancer-specific antigen 
(neoantigen)

Fig. 1.5  Cancer immunity comprising several steps including activation of cytotoxic T-cells 
(CTLs) by antigen-presenting cells (APCs) and killing tumor cells by CTLs. Immune checkpoint 
molecules such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed death 
protein 1 (PD-1) negatively regulate cancer immunity. Tumor cells may evade from immune attack 
by expressing a ligand of PD-1 (PD-L1). Blockade of immune checkpoint molecules may be a 
promising strategy for treating cancer
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1.1.3.1  �Immune Checkpoint Inhibitors for NSCLC

Nivolumab is the first antibody against PD-1 that is approved for treatment of 
NSCLC. In early clinical studies, nivolumab has showed durable antitumor activi-
ties for previously treated NSCLC [137–139]. Two phase 3 trials comparing 
nivolumab with chemotherapy (DOC) for previously treated NSCLC, one 
(CheckMate017) for squamous NSCLC and the other (CheckMate057) for non-
squamous NSCLC, showed a significantly better overall survival (OS) with 
nivolumab (Table 1.5) [143, 144].

As cancer cells may evade from immune attack by CTLs through expressing 
PD-L1, PD-L1 expression on tumor cells is a potentially promising biomarker to 
predict the efficacy of antibodies against PD-1/PD-L1 [147, 148]. The CheckMate057 
indicated a significant correlation between clinical benefits with nivolumab and 
PD-L1 expression evaluated with IHC using an anti-PD-L1 antibody (clone 28–8); 
ORR with nivolumab was significantly higher in tumor-expressing PD-L1 (Fig. 1.6), 
and a significantly longer PFS or OS with nivolumab was documented in PD-L1-
positive tumor but not in PD-L1-negative tumor [144]. In contrast, in the 
CheckMate017, nivolumab was associated with significantly better clinical benefits 
regardless of PD-L1 expression status (Fig. 1.6) [143]. These results suggest that the 
correlation between PD-L1 expression and antitumor activity of nivolumab may 
differ between squamous NSCLC and non-squamous NSCLC.

Pembrolizumab is another approved antibody against PD-1. In a phase 1 trial 
(KEYNOTE001) for NSCLC, correlations between clinical benefits with pembroli-
zumab and PD-L1 expression status have been evaluated; PD-L1 expression was 
assessed with IHC using an anti-PD-L1 antibody (clone 22C3) and is classified 
according to the proportion of tumor cells expressing PD-L1 (proportion score, PS). 
As a result, clinical benefits with pembrolizumab were enhanced along with 
increased PD-L1 expression (ORR, 10.7% in PS <1%, 16.5% in PS 1–49%, and 
45.2% in PS ≥ 50%; median PFS, 4.0 months, 4.1 months, 6.4 months, respectively; 
median OS, 10.4  months, 10.6  months, not reached for evaluation, respectively) 
[149]. In a subsequent phase 2/3 trial (KEYNOTE010) comparing pembrolizumab 
at two doses (2  mg/kg or 10  mg/kg) with chemotherapy (DOC) for previously 
treated NSCLC (KEYNOTE010), patients are eligible only when PD-L1 expression 
was positive (PS ≥ 1%) [142]. Pembrolizumab at either dose has provided superior 
clinical benefits including a significant prolongation of OS (median OS, 8.5 months 
with DOC, 10.4  months with pembrolozimab [2  mg/kg], and 12.7  months with 
pembrolizumab [10 mg/kg]) as well as a significant increase in ORR (ORR, 9.3% 
with DOC, 18.0% with pembrolozimab [2 mg/kg], and 18.5% with pembrolizumab 
[10 mg/kg) (Table 1.5). The survival benefits are enhanced for cases with strong 
PD-L1 expression as defined PS  ≥  50% (median OS, 8.2  months with DOC, 
14.9 months with pembrolozimab [2 mg/kg], and 17.3 months with pembrolizumab 
[10 mg/kg]), and ORR at each dose of pembrolizumab is higher in cases with strong 
PD-L1 expression (Fig. 1.6) [142].

Recently, a phase 3 trial (KEYNOTE024) comparing pembrolizumab with 
platinum-doublet chemotherapy for previously untreated NSCLC with strong 

1  Molecular Diagnosis and Targeting for Lung Cancer
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PD-L1 expression (PS ≥ 50%) has shown a significantly longer PFS and OS and a 
more favorable toxicity profile with pembrolizumab (Table 1.5) [140], indicating 
that pembrolizumab is a new standard of care as first-line treatment for advanced 
NSCLC without EGFR mutations nor ALK rearrangements and with strong PD-L1 
expression. In addition, a recent phase 2 study (KEYNOTE021) has shown that 
pembrolizumab plus platinum-doublet (carboplatin plus pemetrexed) can be a 
promising first-line treatment option for non-squamous NSCLC regardless of 
PD-L1 expression status (ORR, 57% in PS < 1% versus 54% in PS ≥ 1%) [150]. In 
contrast, a phase 3 trial (CheckMate026) comparing nivolumab with platinum-
doublet chemotherapy for previously untreated of NSCLC with positive PD-L1 
expression (PS ≥ 5%), which is designed as with KEYNOTE024, has failed to show 
greater survival benefits with nivolumab in patients with strong PD-L1 expression 
(PS ≥ 50%) as well as in all patients (Table 1.5) [141].

Atezolizumab is the only agent targeting PD-L1 approved for treatment of NSCLC 
(only by FDA). Early clinical studies have suggested that clinical benefits with 

0

10

20

30

40

<1% vs ³1% <5% vs ³5% <10% vs ³10%

PD-L1(-) PD-L1(+)

0

10

20

30

40

<1% vs ³1% <5% vs ³5% <10% vs ³10%

PD-L1(-) PD-L1(+)

CheckMate (Nivolumab, 28-8)

CheckMate 017 for Squamous CheckMate 057 for Non-squamous

KEYNOTE010 (Pembrolizumab, 22C3) 

0

10

20

30

40

1-49% vs ³50% 1-49% vs ³50%

PD-L1 weak PD-L1 strong

29.1% 

Pembrolizumab
(2 mg/kg)

Pembrolizumab
(10 mg/kg)

OAK (Atezolizumab, SP142) 

0

10

20

30

40

TC0 and IC0 TC1/2/3 or
IC1/2/3

TC2/3 or
IC2/3

TC3 or IC3

Grade of PD-L1 expression on TCs and ICs

17%  17%
15%  21%

15% 21% 16%  21%19%

9% 

31%

10% 11% 

36% 37% 

9.8% 10.3% 

30.2% 30.6% 

22.5% 
17.8% 

7.8% 

O
R

R
 (

%
)

O
R

R
 (

%
)

O
R

R
 (

%
)

O
R

R
 (

%
)

Fig. 1.6  Correlation between overall response rates (ORRs) with antibodies against PD-1/PD-L1 
according to immunohistochemically evaluated PD-L1 expression status in clinical trials. Different 
antibodies (“28-8” in CheckMate trials, “22C3” in KEYNOTE010 trial, and “SP142” in OAK 
trial) and different cut-off values as percentages of tumor cells expressing PD-L1 (1/5/10% in 
CheckMate trials, 1/50% in KEYNOTE010 trial, 1%/5%/50%, and 1/550% in OAK trial) are 
employed to evaluate PD-L1 expression status. In the OAK trial, PD-L1 status on tumor-infiltrating 
immune cells (ICs) as well as that on tumor cells (TCs) is evaluated and scored as follows: 
IC0/1/2/3 for PD-L1 expression on ICs and TC0/1/2/3 for PD-L1 expression on TCs
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atezolizumab are significantly correlated not only with PD-L1 expression on tumor 
cells but also with that on tumor-infiltrating immune cells. In these studies, PD-L1 
expression is detected with IHC and is scored according to the percentage of PD-L1-
expressing cells as follows: TC1/2/3 or IC1/2/3, defined as PD-L1 expression on 1% 
or more of tumor cells or tumor-infiltrating immune cells; TC2/3 or IC2/3, defined as 
PD-L1 expression on 5% of these cells; TC3, defined as PD-L1 expression on 50% 
or more of tumor cells; IC3, defined as 10% or more of tumor-infiltrating immune 
cells; TC0, defined as PD-L1 expression on less than 1% of tumor cells; IC0, defined 
as PD-L1 expression on less than 1% of tumor-infiltrating immune cells [145, 151]. 
A randomized phase 2 trial (POPLAR) comparing atezolizumab with DOC for pre-
viously treated NSCLC has shown a significantly better OS with atezolizumab (HR, 
0.73; P = 0.04) (Table 1.5) The survival benefit with atezolizumab is enhanced in 
patients with higher PD-L1 expression on either TCs or ICs, but has disappeared in 
patients with no PD-L1 expression on neither TCs nor ICs (HR, 0.49 in TC3 or IC3; 
0.54 in TC2/3 or IC2/3; 0.59 in TC1/2/3 or IC1/2/3; 1.04 in TC0 and IC0). Similarly, 
an increased ORR is documented when PD-L1 expression on either TCs or ICs is 
stronger (ORR, 37.5% in TC3 or IC3; 22.0% in TC2/3 or IC2/3; 18.3% in TC1/2/3 
or IC1/2/3; 7.8% in TC0 and IC0) [145]. A subsequent phase 3 trial (OAK) con-
firmed a significantly longer OS with atezolizumab for previously treated NSCLC 
(Table 1.5). In the phase 3 trial, a superior survival benefit is seen across all patients 
regardless of PD-L1 expression status (HR, 0.41 in TC3 or IC3; 0.67 in TC2/3 or 
IC2/3; 0.74 in TC1/2/3 or IC1/2/3; 0.75 in TC0 and IC0), whereas a higher ORR is 
documented in patients with stronger PD-L1 expression (Fig. 1.6) [146].

PD-L1 expression status on tumor cells is a potentially important predictive 
marker in selecting patients who will benefit from antibodies against PD-1 or 
PD-L1. In fact, PD-L1 status, as assesses with IHC using the antibody, 22C3, is 
approved as the companion diagnostic for the use of pembrolizumab in 
NSCLC.  However, PD-1/PD-L1 inhibitors such as nivolumab and atezolizumab 
may provide superior clinical benefits over cytotoxic chemotherapy even for PD-L1-
negative NSCLC patients. These controversies may indicate several issues in cur-
rent IHC assays to evaluate PD-L1 expression as follows: (1) different antibodies 
employed for IHC (22C3 in trials with pembrolizumab, 22-8 in trials with nivolumab, 
SP142 in trials with atezolizumab, SP263 in trials with durvalumab that is another 
anti-PD-L1 antibody, evaluated in clinical trials), (2) different cut-off values, and 
(3) different PD-L1 expressing cells evaluated (only tumor cells in trials with 
nivolumab and pembrolizumab, both tumor cells and tumor-infiltrating immune 
cells in trials with atezolizumab) [147, 148]. The “Blueprint PD-L1 IHC Assay 
Comparison Project” has been conducted to compare different antibodies employed 
for IHC, and early results have showed that the percentage of PD-L1-positive tumor 
cells is comparable with 22C2, 28-8, and SP263 assays but is lower with SP142 
assay [152]. In addition to PD-L1, other factors involved in “cancer immunity” 
should be examined in future studies to more precisely select patients who will 
benefit from PD-1/PD-L1 inhibitors.
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1.1.3.2  �Immune Checkpoint Inhibitors for SCLC

Despite recent advances in targeting agents, no novel treatment option has been 
added to the current standard chemotherapy of platinum-doublet regimens (plati-
num agent plus either etoposide or irinotecan for treatment of advanced SCLC [3, 
4]. Immune checkpoint blockade may be promising strategies to improve treat-
ment outcomes in SCLC as well as in NSCLC [153]. For example, a phase 2 study 
has shown that the median PFS with an anti-CTLA-4 antibody, ipilimumab, in 
combination with cytotoxic chemotherapy (CbP) is significantly longer than that 
with chemotherapy alone [154]. However, a large-scale placebo-controlled phase 
3 trial has failed to show a significant improvement of OS with the addition of 
ipilimumab to chemotherapy (etoposide plus either cisplatin or carboplatin; 
median OS, 11.0 months versus 10.9 months; HR, 0.94; P = 0.3775) [155]. These 
results may suggest that rapid tumor growth with corresponding symptomatic dis-
ease and performance status decline may lead to patient drop-off as a poor drug 
tolerability or disease progression. Accordingly, more potent regimens such as 
double blockade of PD-1/PD-L1 and CTLA-4 may be necessary to achieve more 
durable clinical benefits. In fact, a phase 1/2 trial has indicated that dual CTLA-4 
and PD-1 blockade with the combination of ipilimumab and nivolumab may be 
promising [156].

1.2  �Conclusions and Future Perspectives

Recent advances in understanding molecular characteristics and developing agents 
targeting “cancer hallmarks” have changed treatment strategies for advanced lung 
cancer which had been uniformly treated with cytotoxic agents including platinum 
agents. Today, lung cancer is classified according to not only histologic subtypes but 
also molecular characteristics including oncogenic alterations (EGFR mutations 
and ALK-/ROS1 rearrangement) and PD-L1 status and shall be “precisely” treated 
with specific agents. Accordingly, tissue biopsy and molecular diagnosis are manda-
tory to achieve “precision” medicine, but tissue biopsy may be associated with some 
limitations such as some risk and pain for patients and difficulty in accessibility, 
especially in case of re-biopsy. Alternatively, “liquid biopsy,” detection, and analy-
ses of either tumor cells that are shed from primary tumor and circulate in the 
peripheral blood (circulating tumor cells, CTCs) or deoxynucleotide (DNA) 
fragments derived from tumor cells (cell-free tumor DNA, ctDNA) may be 
promising as a noninvasive and useful assay to reveal molecular characteristics of 
tumor [157–159]. Based on accumulating evidence to support the use of ctDNA for 
detection of EGFR mutations, plasma testing for EGFR mutations (sensitizing 
mutations for the use of erlotinib, only by FDA; T790M for the use of osimertinib) 
has been recently approved for clinical use, which may provide new insights toward 
personalized “precision” medicine.
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Chapter 2
Molecular Diagnosis and Targeting  
Therapy for Breast Cancer

Akira Tangoku, Takahiro Yoshida, Hirokazu Takechi, Masakazu Okumua, 
Misako Nakagawa, Masami Morimoto, Takeshi Nishino, Seiya Inoue, 
Toru Sawada, Mariko Aoyama, Naoki Miyamoto, Kohei Nishioka, 
Keisuke Fujimoto, and Hiroaki Toba

Abstract  Breast cancer (BC) is a representative cancer for which molecular tar-
geting therapy is most popular, because systemic therapy is selected according 
to tumor biological subtypes, luminal A, luminal B, HER2-enriched, and basal-
like; those are decided by gene expression pattern or estrogen receptor (ER), 
HER2, and tumor proliferation measured by Ki67 expression in immunohisto-
chemistry. Approximately 70–80% of BC is ER positive. Adjuvant therapy is 
selected according to the guideline based on the large-scale randomized control 
trials. Selective estrogen receptor modulators (SERM), like tamoxifen or toremi-
fene, and gonadotropin-releasing hormone agonist (GnRH) are used in combina-
tion or alone for premenopausal metastatic BC (MBC) and in adjuvant setting. 
Aromatase inhibitor (AI) targeting the enzyme aromatase is recommended for 
postmenopausal BC in adjuvant and MBC both in pre- and postmenopausal.

A multigene assay predicts the prognosis of luminal-type BC and selects the 
candidates for chemotherapy (CT). Selective ER downregulator (SERD), fulves-
trant, is used for MBC. Overexpression of the human epidermal growth factor 2 
(HER2) worsens the prognosis of BC, but the monoclonal antibody, trastuzumab, 
has drastically improved the prognosis of HER2-overexpressing BC. Anti-HER2 
blockade (trastuzumab/lapatinib or trastuzumab/pertuzumab) is associated with 
chemotherapy (CT), or Trastuzumab-Emtansine (T-DM1) can be used for trastu-
zumab-resistant MBC. mTOR inhibitor everolimus or cyclin-dependent kinase 4/6 
inhibitor palbociclib in combination with AI can be used for ER-positive MBC. 
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New therapeutic approach like apoptosis induction, inhibition of anti-apoptosis, cell 
cycle progression, and signal transduction are now under developing.

Keywords  Breast cancer • Molecular targeting therapy • ER • PgR • Human 
epidermal growth factor 2 (HER2) • VEGF • Cyclin-dependent kinase 4/6 inhibitor

Breast cancer (BC) is the most common cancer worldwide, being also the leading 
cause of cancer death among women [1]. It is also the most common cancer in 
female with increasing morbidity year after year in Japan, and the most common 
affected generation is 40th (http://ganjoho.jp/reg_stat/statistics/stat/annual.
html). The number of the patients is increasing in the world, but the mortality 
from BC in North America and the European Union (EU) has decreased from the 
end of twentieth century. In 2016, mortality from BC in the EU is expected to 
drop by 8% [2]. Increased survival is due to the drastic success in early diagnosis 
by screening and breakthrough of the treatment, with targeting the molecules. 
The first epoch-making target of BC is estrogen receptor (ER) and the next is 
CerbB2.

2.1  �Surgical Anti-hormonal Treatment

BC has the longest history of treatment among all cancers [3].
In 1896, George Thomas Beatson published a paper entitled “On Treatment of 

Inoperable Cases of Carcinoma of the Mamma: Suggestions for a New Method of 
Treatment,” with detailed treatment of three patients with advanced breast cancer 
through bilateral oophorectomy. Oophorectomy became the standard treatment for 
advanced BC over the following years. He is considered the father of anti-hormonal 
treatment of BC [4]. Oophorectomy and bilateral adrenalectomy have been intro-
duced in treatment for advanced BC for long time [5].

2.2  �Estrogen Receptor (ER) and Anti-Estrogen  
Receptor Targeting Therapy

ER, binding sites for 17β-estradiol, was found in rat uterus, and it was also recognized 
existing in BC tissue [6]. Drugs targeting for ER have been developed and became the 
major arms for BC. The first drug targeting ER is tamoxifen, a selective estrogen 
receptor modulator (SERM). Gonadotropin-releasing hormone (GnRH) agonist and 
aromatase inhibitor (AI) have been developed and became the gold standard therapeu-
tic agents after several large-scale randomized controlled clinical trials (RCT).
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2.3  �Human Epidermal Growth Factor Receptor 2 (HER2) 
and Targeting Therapy

HER2/neu or ErbB-2 is a member of the epidermal growth factor receptor 
(EGFR) family, along with HER1 (EGFR), HER3, and HER4 [7]. These recep-
tors, functioning as homo- or heterodimers, activate multiple cellular pathways, 
such as the p44/42 mitogen-activated protein kinase (MAPK) and the 
phosphatidylinositol-3-kinase (PI3K) pathways, and stimulate cell growth, sur-
vival, and differentiation [8, 9]. Unlike other members of the family, HER2 is not 
activated by a specific ligand and is always in an active conformational state, 
ready to interact with other ligand-activated EGF receptors [10], particularly 
HER3 [11]. Overexpression of the membrane HER2 in BC cells is known as a 
major negative prognostic factor [12]. Overexpression occurs in 20–25% of cases 
and is detected either as gene amplification (fluorescence in situ hybridization: 
FISH) or as protein expression with immunohistochemistry (IHC) [13]. The anti-
HER2 humanized monoclonal antibody, trastuzumab (Herceptin®), has been 
introduced in 1998, and a tyrosine kinase inhibitor of EGFR and HER2, lapatinib 
(Tykerb®), in 2007; they showed significant improvement in the outcome of 
patients with HER2-overexpressing BC.

2.4  �Subtype of BC as a Decision Making  
for Targeting Treatment

Since the groundbreaking works at the beginning of this millennium [14, 15], BC is 
considered to consist of at least four different clinically relevant molecular sub-
types: luminal A, luminal B, HER2-enriched, and basal-like. Yet, scientifically, up 
to ten different molecular subtypes have been identified using gene copy number 
and expression analyses [16]. The four original subtypes can either be directly 
determined with a multigene assay such as Prosigna (NanoString Technologies) or 
BluePrint (Agendia) or indirectly reconstructed with immunohistochemistry (IHC) 
with formalin-fixed paraffin-embedded tumor tissue [17]. Subtypes according to 
ER, progesterone receptor (PgR), and HER2, as well as tumor proliferation mea-
sured by Ki67 status are as follows: luminal A-like (ER or PgR positive, or both, 
HER2 negative, low proliferation), luminal B-like (ER or PgR positive, or both, 
HER2 negative, high proliferation), HER2, non-luminal (HER2 positive and ER 
and PgR negative) or luminal (HER2 positive and ER or PgR positive, or both), and 
basal-like (HER2 negative and ER and PgR negative; triple-negative breast cancer) 
(Table 2.1) [18].

In accordance with the St Gallen consensus, systemic therapy for early BC is 
guided by these molecular subtypes (Fig. 2.1) [19, 20].
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In daily clinical practice, the difficulty is distinguishing between luminal A and 
luminal B on the basis of proliferation assessed by non-standardized Ki67 values. 
Values of 10% or less are generally considered low risk, and values between 20% 
and 29% are considered as a minimum criterion for high proliferation. Yet, because 
of the lack of a prospectively validated study for cutoff value, intermediate values 
between 10% and about 30% should not be used as the sole criterion for indicating 
adjuvant chemotherapy. International standardization for Ki67 is still missing, and 
the measured inter laboratory variability is rather high [21].

Table 2.1  Molecular Subtypes of Breast Cancer

a.  Luminal A: ER positive, HER2 negative, Ki-67 protein low, and PR high
b.  Luminal B: ER positive, HER2 negative, and either Ki-67 protein high or PR low [23]
c. � Basal-like breast cancer: typically lacks expression of the molecular targets that confer 

responsiveness to highly effective targeted therapies such as tamoxifen and aromatase 
inhibitors (AIs) or trastuzumab (HER2 amplification) [24]

d. � Triple-negative breast cancer (TNBC): ER-, PR-, and HER2-negative tumors [24]. Most 
BRCA1 breast cancers are basal-like TNBC. Triple negative also includes some special 
histological types such as (typical) medullary and adenoid cystic carcinoma with low risks of 
distant recurrence [25]

e. � HER2+: ERBB2+ has amplified HER2/neu. HER-2/neu status can be analyzed by 
fluorescence in situ hybridization (FISH) assays. HER2-positive cancer is diagnosed in 
10–20% of breast cancer patients. This cancer is particularly aggressive and more likely to 
spread rapidly than other types of breast cancer [17]

f. � Claudin low: a more recently described class; often triple negative, but distinct in that there 
is low expression of cell–cell junction proteins including E-cadherin. Infiltration with 
lymphocytes is common

Adjuvant therapy options according to the intrinsic subtype

Luminal A

ER, PgR, HER2, Ki67 

Luminal B HER2 Triple Negative

Chemotherapy
followed by
Endocrine
therapy  

Endocrine
therapy 

HER2+

Oncotype Dx
MammaPrint

ChemotherapyChemotherapy
+

Anti HER2

pN+£3 pN+≥4 HER2-

Endocrine
+

Chemotherapy
+

Anti HER2 

Endocrine
+

Chemotherapy 

Adjuvant therapy

Fig. 2.1  In patients with luminal tumors, several multigene assays like MammaPrint and Oncotype 
DX assess long-term relapse risk, duration of adjuvant ET, and adoption of CT
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2.5  �Adjuvant Therapy According to Subtype of BC

2.5.1  �Endocrine Therapy (ET)

In all luminal—i.e., hormone receptor (HR) positive (ER or PgR positive or 
both)—early BC, adjuvant endocrine therapy over the course of 5–10  years is 
considered standard. Current guidelines consider any ER or PgR staining (i.e., 
≥1%) as being positive; endocrine sensitivity is directly correlated to the degree of 
HR positivity [22]. In premenopausal patients, 20 mg tamoxifen per day is the 
standard endocrine therapy. The Early Breast Cancer Trialists’ Collaborative 
Group (EBCTCG) meta-analysis showed that 5  years of tamoxifen treatment 
reduced the recurrence not just in the first 4 years in patients with ER-positive 
disease. This effect was independent of PgR status, age, nodal status, and chemo-
therapy use. BC mortality was reduced by about a third throughout the first 
15 years of follow-up [23].

2.6  �Chemotherapy (CT)

The benefit of CT is more pronounced in ER-negative BC. CT is recommended 
in the majority of TNBC, in HER2-positive BC, and in high-risk luminal tumors. 
The current CT standards in early BC are anthracyclines and taxanes, given as a 
combination or in sequence over a period of 18–24 weeks. Generally, recom-
mended regimens do not differ between neoadjuvant and adjuvant settings. The 
EBCTCG meta-analysis suggested that anthracycline and taxane-containing CT 
reduced 10-year BC mortality by about one-third [24]. Anthracycline and tax-
ane sequence is as effective as their combination [25]. Four times anthracycline 
followed by four times docetaxel is equally effective as the combination of the 
same drugs (six times TAC [docetaxel, doxorubicin, and cyclophosphamide]) 
but has a different toxicity pattern [26]. A population-based analysis showed 
that delays beyond 91  days between surgery and start of adjuvant CT are 
associated with an impaired outcome, particularly in triple-negative breast 
cancer [27].

For patients with triple-negative BC, standard regimens containing 
anthracycline and taxane should be used, preferably as neoadjuvant therapy. 
Trials have indicated that adding platinum to a neoadjuvant anthracycline-
taxane combination or sequence improves pathological complete response 
(pCR) [28].
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2.7  �Multigene Assay for ER+ HER2-BC

In patients with luminal tumors, several multigene assays assess long-term relapse 
risk, duration of adjuvant ET, and adopt of CT. EndoPredict [Myriad Genetics] [29], 
MammaPrint [Agendia] [30], Oncotype DX [Genomic Health] [31], and Prosigna 
[32] have been validated for risk assessment and prediction of CT response. Most of 
these assays give information not only about risk of early recurrence (first 5 years) but 
also about risk of late recurrence (>5 years). Prospective trial results for test validation 
only exist for Oncotype DX and MammaPrint. For Oncotype DX, the TAILORx trial 
for pN0 [33] and the WSG PlanB trial for pN0–1 prospectively confirmed its prognos-
tic effect [34]. MammaPrint showed that patient outcome is not compromised if adju-
vant CT is omitted in clinically high-risk and genomically low-risk early BC. All 
other multigene assays have been retrospectively validated. Prospective outcome data 
are still missing from the randomized comparisons of the large international trials that 
used Oncotype DX for risk group assessment (i.e., TAILORx [pN0], RxPONDER 
[pN1]). The protein-based ELISA assay for uPA/PAI-1 (Femtelle [American 
Diagnostica/Sekisui Diagnostics]) has also been validated at the highest level of evi-
dence for its prognostic and predictive effect by a prospective clinical trial [35] and 
European Organisation for Research and Treatment of Cancer pooled analysis [36]. 
By contrast with multigene assays, this test requires fresh-frozen tumor tissue; it can 
be an alternative option for risk assessment because of its low overall costs [37].

2.8  �Targeting Agents for ER

2.8.1  �Selective Estrogen Receptor Modulator (SERM)

Tamoxifen (TAM), ICI 46,474, and orphan drug have been described as antifertility 
agent in rats, and its modest activity has been investigated looking for a therapeutic 
application for MBC. Initial clinical studies demonstrated that it was safe and effec-
tive for the treatment of MBC in postmenopausal women [38–40]. Targeting study 
for aromatase enzyme was started also in 1977.

2.8.2  �Gonadotropin-Releasing Hormone (GnRH) Agonist

The hormone secretions of the ovary are controlled by the secretions from the pitu-
itary, which in turn is controlled by the hypothalamus through its own secretions. 
With the elucidation of the last-mentioned secretions in the form of the structure of 
gonadotropin-releasing hormone (GnRH) by Guillemin and Schally in 1967, it 
became possible to synthesize thousands of different analogues of the primary 
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decapeptide, GnRH [41]. Leuprorelin and goserelin and the other synthetic models 
were made and tested for clinical use [42]. They were introduced in prostate and 
BC treatment. Those agonists induce reversible hypogonadism (decrease the level 
of LH) by achieving through receptor downregulation by internalization of 
receptors.

2.9  �Aromatase Inhibitor

Aromatase is the enzyme which synthesizes estrogen from androgen. Aromatase 
inhibitor (AI) inhibits aromatization and decreases estrogen level. AI has been also 
proposed as the drug for female infertility by its ovarian stimulation. There are two 
types of AIs approved to treat BC. Irreversible steroidal inhibitors, such as exemes-
tane (Aromasin®), form a permanent and deactivating bond with the aromatase 
enzyme. Nonsteroidal inhibitors, such as anastrozole (Arimidex®) and letrozole 
(Femara®), inhibit the synthesis of estrogen via reversible competition for the 
aromatase [43].

In postmenopausal BC patients, TAM and AI are both valid therapeutic options, 
as each monotherapy for 5 years. Sequential AIs followed by 2–3 years TAM also 
significantly reduce recurrences by 30%, but not mortality, compared with TAM. 5 
years of AI significantly reduce BC mortality by 15% compared with 5 years of TAM 
treatment [44]. In postmenopausal patients, upfront AI therapy is preferred [45].

SOFT and TEXT trial results showed additional treatment of GnRH to TAM or 
even administering GnRH together with an AI enhances efficacy in premenopausal 
patients with a high-risk recurrence (i.e., after chemotherapy or age ≤ 35 years) 
[46, 47].

2.10  �Selective ER Downregulator (SERD)

The SERD fulvestrant, selective ER downregulator, blocks ERα dimerization and 
promotes ERα protein degradation, resulting in the inhibition of ERα function. It 
has a steroidal structure and high affinity with the cellular membrane and matrix, as 
well as high chemical stability, resulting in long-lasting effects [48].

2.11  �Anti-HER2 Therapy

Two drugs are currently approved for HER2-positive BC: trastuzumab (Herceptin®), 
introduced in 1998, and lapatinib (Tykerb®), in 2007.
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The introduction of the anti-HER2 humanized monoclonal antibody, “trastu-
zumab,” was associated with a significant improvement in the outcome of patients 
with HER2-overexpressing BC.  Clinical studies have shown that, in the HER2-
positive BC, the addition of trastuzumab to chemotherapy (CT) significantly 
improves both recurrence-free survival (RFS) and overall survival (OS) in the adju-
vant setting [49, 50].

It also increases the rate of pathologic complete response (pCR) in the primary 
systemic therapy (PST) setting for HER2-positive BC [51] and also improves OS 
in the metastatic setting [52]. HER2 positive was decided as >30% in IHC or FISH/
CEP17 ratio > 2.2 according to American Society of Clinical Oncology/College of 
American Pathologists clinical practice guideline [53]. Trastuzumab should not be 
administered routinely concomitantly with anthracyclines because of its cardio-
toxicity [54]. Combination with taxanes is safe and has been demonstrated to be 
more effective than sequential treatment. Trastuzumab may also be safely com-
bined with radiotherapy (RT) and endocrine therapy (ET) [55]. Anti-HER2 therapy 
is recommended as early as possible in patients with HER2-positive MBC. Even 
though efficacy of trastuzumab or lapatinib together with AI was shown in several 
phase 2–3 trials for postmenopausal patients [56] and led to registration of these 
combinations, combination with chemotherapy is currently recommended in early 
lines of therapy because of the overall survival advantage. In the neoadjuvant set-
ting, dual anti-HER2 blockade associated with CT (trastuzumab/lapatinib or 
trastuzumab/pertuzumab) has led to improvements in the outcomes when compared 
with CT associated with one anti-HER2 agent [57]. However, long-term outcomes 
are not known, and such a treatment cannot be recommended outside of clinical 
trials.

Trastuzumab still leads the market but with biosimilar and new-generation 
agents now on the horizon. Pertuzumab plus trastuzumab plus docetaxel regimen 
now is a first-line therapy for patients with HER2-positive MBC [58]. Dual 
HER-2 blockade has been shown to be more effective than single blockade in the 
metastatic setting. FDA approved the first antibody–drug conjugate for the treat-
ment of HER2-positive metastatic BC, T-DM1 (Kadcyla®) on February 2013. 
T-DM1 is trastuzumab-maytansinoid (microtubule-depolymerizing agents) con-
jugates through a non-reducible linker showed greater activity compared with 
nonconjugated trastuzumab while maintaining selectivity for HER2-
overexpressing tumor cells. It offers improved efficacy and pharmacokinetics and 
reduced toxicity [59].

2.12  �Cross Talk of ER and HER2

In vitro and in vivo models suggested the existence of a cross talk between the two 
downstream pathways. Estrogens act via a nuclear/genomic and a nonnuclear/
non-genomic activity. Nonnuclear ER interacts directly or indirectly (e.g., via G 
proteins) with HER 2/HER1–4 dimers activating their downstream kinase 
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pathways (e.g., Ras-MAPK and PI3K-Akt pathways), which in turn phosphory-
late ER and other transcription factors (TFs) and coactivators/corepressors 
(CoA/R), modulating gene expression. HER2 signaling pathways also reduce ER 
expression at both mRNA and protein levels. ER also promotes HER2, other tyro-
sine kinase receptors (TKR) and TKR ligands’ gene expression. This bidirectional 
cross talk leads to cancer cell cycle progression, proliferation, survival, and inva-
siveness (Fig. 2.2) [60].

2.13  �Anti-Vascular Endothelial Growth Factor  
Targeting Agents

Anti-vascular endothelial growth factor (VEGF) antibody bevacizumab (Avastin®) 
is a specific drug for HER2-negative metastatic BC. Bevacizumab improved PFS 
9.2 vs. 6.7 months but not overall survival when given together with first-line che-
motherapy such as paclitaxel or capecitabine [61]. Bevacizumab (Avastin®) was 
approved by the European Committee for Medicinal Products for Human Use 
(CHMP) but not by FDA and thus constitutes a therapy option only in individual 
countries.

PI3K

AKT

HER2

Estrogen

Estrogen receptor

HER 1
(EGFR)
HER 2
HER 3
HER 4

Ras

Akt

ER CoA/RTFs

Estrogen

Non nuclear/non genomic activity

Nuclear/Genomic activity

Gene expression modulation
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Fig. 2.2  Cross talk of ER and HER2 estrogens act via a nuclear and nonnuclear activity. 
Nonnuclear ER interacts directly or indirectly (via G proteins) with HER 2/HER1–4 dimers 
activating their downstream kinase pathways (Ras-MAPK and PI3K-Akt pathways), which in turn 
phosphorylate ER and other transcription factors (TFs) and coactivators/corepressors (CoA/R), 
modulating gene expression. HER2 signaling pathways also reduce ER expression at both mRNA 
and protein levels. ER also promotes HER2, other tyrosine kinase receptors (TKR), and TKR 
ligands’ gene expression. This bidirectional cross talk leads to cancer cell cycle progression, pro-
liferation, survival, and invasiveness [60]
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2.14  �New Molecular Targeting Agents

2.14.1  �Phosphatidylinositol 3-Kinase/Mammalian Target 
of Rapamycin (PI3K/mTOR) Pathway

Phosphatidylinositol 3-kinase/mammalian target of rapamycin (PI3K/mTOR) path-
way is commonly dysregulated in BC [62]. mTOR inhibitor has demonstrated anti-
tumor activity in a variety of cancer types, including ER positive [63]. mTOR 
inhibitor, everolimus can be used for postmenopausal patients after failure of AI 
treatment [64]. Afinitor® (everolimus) is the only FDA-approved inhibitor of mTOR 
to be used in combination with exemestane to treat postmenopausal women with 
advanced HR+, HER2-BC from 2012.

PI3K pathway activation occurs frequently in TNBC and confers susceptibility 
to mTOR inhibitors [65]. Gonzalez-Angulo et al. investigated the addition of evero-
limus to paclitaxel in the neoadjuvant setting for the treatment of TNBC and showed 
that downregulation of mTOR was achieved after 48 h [66].

2.15  �Cyclin-Dependent Kinase (CDK) Targeting Agents

CDK targeting treatment has been emerging in the last few years. The cyclin-
dependent kinase 4/6 (CDK 4/6) inhibitor palbociclib (Ibrance®) together with 
letrozole also improved median PFS in postmenopausal patients without previous 
systemic treatment for MBC [67]. Palbociclib received approval in the USA and 
Europe from November 2016. PALOMA 3 study also showed efficacy of palboci-
clib together with fulvestrant for fulvestrant alone in progressive disease and the 
relapse cases after previous endocrine therapy. The efficacy of palbociclib was simi-
lar in premenopausal patients received additional goserelin and postmenopausal 
patients [68]. An OS advantage versus standard therapy has not been reported for 
any CDK 4/6 inhibitor. For the PALOMA studies, final OS analyses are still pend-
ing. Ribociclib and abemaciclib are two additional CDK 4/6 inhibitors that are 
being assessed in clinical trials. Data from the ribociclib first-line registration trial 
(MONALEESA 2; NCT01958021) showed a substantial progression-free survival 
benefit for letrozole plus ribociclib versus letrozole alone [69]. On the same aspect, 
abemaciclib, a potent inhibitor of CDK4/6, is under investigation by Lilly Inc. 

The aforementioned protein, enzyme, and molecular targeting agents are listed 
on Table 2.2. New therapeutic approach for apoptosis induction, inhibition of anti-
apoptosis, cell cycle progression, and signal transduction are now under 
developing.
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Chapter 3
Clinical Application of Stem Cell Biology 
in Esophageal Cancer

Tomoyuki Okumura, Hirohumi Kojima, Tetsuji Yamaguchi, 
and Yutaka Shimada

Abstract  Despite recent progress in its diagnosis and multimodal therapies, 
prognosis in patients with esophageal squamous cell carcinoma (ESCC) remains 
poor, because of high incidence of metastasis and therapeutic resistance.

Cancer stem cells (CSCs) represent a small number of cells which possess stem 
cell properties, such as self-renewal ability, tumorigenicity, metastasis, and chemo-
resistance. Recently, mitotically quiescent CSCs have been demonstrated in tumors, 
which enhance malignant potential. In ESCC, several candidate CSC markers have 
been reported, such as p75 neurotrophin receptor (p75NTR), CD44, and CD90. 
Reports using ESCC cell lines demonstrated that majority of p75NTR-positive/
CD44-negative/CD90-negative cells were in a mitotically quiescent state, along 
with significantly higher stem cell properties, indicating that the cells represent a 
candidate quiescent CSC population. Stem cell-related molecules, such as 
Hedgehog, Bmi-1, p63, and Nanog, as well as chemoresistant molecules, such as 
ABCG2 and ERCC1, were strongly expressed in the p75NTR-positive fraction, 
suggesting potential use of these molecules for therapeutic application. Interactions 
between p75NTR-positive candidate CSCs and tumor microenvironment, such as 
tumor matrix, cytokines, various types of stromal cells, and immune checkpoints, 
are now under investigation. For diagnostic application, our two-color flow 
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cytometric investigation using peripheral blood samples of ESCC patients revealed 
that p75NTR-positive, but not p75NTR-negative, circulating tumor stem cell counts 
correlated with clinically diagnosed distant metastasis and pathological venous 
invasion in ESCC tumors.

Further investigation targeting CSCs which are specifically characterized by 
multiple markers may provide us with novel therapeutic and diagnostic strategies 
for patients with ESCC.

Keywords  Esophageal cancer • Cancer stem cells • p75NTR • Circulating tumor cells

3.1  �Esophageal Squamous Cell Carcinoma (ESCC)

Despite recent progress in its diagnosis and multimodal therapies, such as preopera-
tive chemo- or chemoradiotherapy followed by radical surgery [1, 2], many of the 
patients with locally advanced esophageal squamous cell carcinoma (ESCC) still 
exhibit postoperative tumor recurrence with a 5-year progression-free survival rate 
of about 40% [3, 4], indicating the presence of chemoresistant micrometastasis [5].

3.2  �Cancer Stem Cells

Cancer stem cells (CSCs) represent a small number of cells which possess stem cell 
properties, such as self-renewal ability, tumorigenicity, and chemo- and/or radiore-
sistance [6, 7]. CSCs are also known to play a key role in metastasis through 
epithelial-mesenchymal transition (EMT), invasion into vessels, systemic circula-
tion, and tumor initiation in the metastatic sites [8–10]. Recently, the existence of 
mitotically quiescent CSCs has been demonstrated in tumors, such as melanoma 
[11], ovarian [12], breast [13], and pancreatic cancer [14]. These “dormant CSCs” 
even enhance invasiveness, metastasis, and chemoresistance, consequently leading 
a late relapse after surgery [13–18].

3.3  �Proposed Cancer Stem Cell Markers in ESCC

Several cell surface antigens were reported to be expressed in candidate CSCs in 
ESCC, such as p75 neurotrophin receptor (p75NTR, CD271), CD44, CD90, ABC 
subfamily G member 2 (ABCG2), and aldehyde dehydrogenase (ALDH)-1 [19–
24]. In addition, functional assays using flow cytometry, such as dye-effluxing side 
population, which is based on ABCG2 expression [25], and Aldefluor, which was 
based on ALDH-1 expression [26, 27], have been reported to isolate candidate 
CSCs in ESCC.

T. Okumura et al.
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All these markers were reported to identify certain subpopulations with stem cell 
properties in vitro. However, the expression of these molecules was heterogeneous 
among tumors, even within a tumor, which required a combination of multiple 
markers for more specific identification of CSCs [28–30].

3.4  �p75NTR as a Candidate Cancer Stem Cell  
Marker in ESCC

p75NTR is a 75-kDa cell surface receptor glycoprotein, which is a member of the 
tumor necrosis factor receptor superfamily [31] and involved in regulation of malig-
nant phenotypes in various types of cancer.

p75NTR is expressed in mitotically quiescent basal cells in normal esophageal 
epithelium [32, 33], while it is expressed in the infiltrating margin of ESCC tumor 
[20, 29].

Reports using ESCC cell lines demonstrated that p75NTR-positive cells have 
higher ability of sphere/colony formation, higher tumorigenicity in mouse xeno-
graft model, and resistance to chemotherapy [19, 20, 29, 34].

Detailed observation using combined expression of p75NTR, CD44, CD90, and a 
proliferation marker ki67 revealed that majority of the p75NTR-positive/CD44-
negative/CD90-negative cells were in the resting phase of cell cycle in surgically 
resected ESCC tumors ([29, 33], Fig. 3.1). In addition, investigation using ESCC cell 
lines demonstrated that majority of p75NTR-positive/CD44-negative/CD90-negative 
cells isolated by flow cytometry were in a mitotically quiescent state, along with sig-
nificantly higher colony formation (Fig.  3.2a), enhanced tumor formation in mice 
(Fig. 3.2b), and greater chemoresistance (Fig. 3.2c), indicating that p75NTR-positive/
CD44-negative/CD90-negative cells were candidate quiescent CSCs in ESCC [29].

p75NTR:Red

ki67:Brown p75NTR+/ki67-cell

Fig. 3.1  A representative photograph of immunohistochemical staining for p75NTR in ESCC 
specimens (Reproduced from [29])
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3.5  �Molecular Mechanisms Which Regulate Cancer  
Stem Cells in ESCC

3.5.1  �CSC-Specific Signal Transduction Pathways

Signal transduction pathways which regulate embryonic and normal tissue stem 
cells, such as Wnt/𝛽-catenin, Notch, Hedgehog (Hh), and Bmi-1, have been reported 
to play a crucial role in stem cell self-renewal in various types of cancer [35, 36]. In 
ESCC, activation of the Wnt/β-catenin pathway promotes tumor sphere formation 
and in vivo tumorigenesis under control of microRNAs [37, 38]. Glioma-associated 
oncogene homolog 1 (Gli1), a key mediator of the Hh pathway, is involved in malig-
nant potential of ESCC [39, 40]. Bmi-1 has been also reported to play an important 
role in controlling cell proliferation and self-renewal of esophageal cancer stemlike 
cells [41]. The oncogene p63 has been reported to be expressed in normal stem cells 
and regulates the proliferation and differentiation of keratinocytes in the epidermis 
and esophagus [42, 43]. Reports demonstrated p63-mediated regulation of growth 
and invasion in ESCC cell lines [44, 45]. Growth inhibition and epithelial differen-
tiation along with downregulation of p63 by induced expression of mir-203 have 
also been reported [46].

Embryonic pluripotency markers, such as Oct-4, Sox2, and Nanog transcrip-
tion factors, have been linked to the stemlike phenotype of CSCs [47]. In ESCC, 
Nanog expression was found to be an independent prognostic factor [48]. In 
addition, induction of Nanog expression in ESCC cell lines resulted in promo-
tion of proliferation, invasiveness, and drug resistance against CDDP [49].

In p75NTR-positive candidate CSCs, stem cell-related genes, such as Nanog, 
Bmi-1, and p63, were strongly and exclusively expressed [19, 29, 30, 34], suggest-
ing that these molecules have a key role in regulating stem cell properties in 
p75NTR-positive candidate CSCs.

3.5.2  �Drug Resistance

Most of cancer stem cells express ATP-binding cassette (ABC) transporter proteins, 
such as ABCB1, ABCC1, ABCC2, and ABCG2, which can transport and excrete 
substances including metabolites, toxic substances, and anticancer drugs, and thus 
they have been associated with multidrug resistance [50, 51]. The overexpression of 

Fig. 3.2  Stem cell phenotype of isolated p75NTR-positive/CD44-negative/CD90-negative cells. 
(a) Colony formation, (b) Tumor formation in mice, (c) Chemoresistance against cisplatin. 
(Reproduced from [29])
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ABCG2 has been reported to be associated with response to chemotherapy and prog-
nosis in ESCC [52].

In addition, p75NTR-positive cell fraction of ESCC cell lines have chemoresis-
tance against CDDP, along with strong expression of ABCG2 and ERCC1 [19, 29, 
30, 34], suggesting the involvement of these molecules in chemoresistance of CSCs 
in ESCC.

3.5.3  �Other CSC-Related Molecules

Tumor suppressor p53; retinoblastoma protein (RB); cyclin-dependent protein 
kinase inhibitors, such as p21, p27, and p57; Notch-related molecules; and various 
microRNAs have been reported to be involved in the regulation of stem cell quies-
cence [53]. Gene mutation and altered expression of these molecules in develop-
ment and progression of ESCC have been reported [33, 54–58]. An 
immunohistochemical investigation demonstrated that the altered expression of 
hTERT and p53 first occurred in p75NTR-positive quiescent basal layer of the 
esophageal epithelium during progression to dysplasia, followed by phenotypic 
changes from quiescent to active proliferation in the basal layer [33], suggesting 
that oncogenic events that disrupt mitotic regulation in the p75NTR-positive quies-
cent basal layer may play a crucial role in malignant transformation.

The NGF/proNGF/p75NTR axis was demonstrated to play a critical role in regu-
lating self-renewal of quiescent CSCs, as well as promoting EMT, in breast cancer 
[59]. In addition to the expression of p75NTR in the candidate CSCs, overexpres-
sion of NGF and its autocrine loop was also shown to enhance cell proliferation and 
migration in ESCC cell lines [52], suggesting p75NTR signaling plays a role in 
regulation of quiescent CSC in ESCC as well.

3.5.4  �Interaction Between CSCs and Tumor Microenvironment

Tumor microenvironment, such as tumor matrix, cytokines, and various types of 
stromal cells, were shown to play important roles in regulating self-renewal and dif-
ferentiation of CSCs [60]. In stromal cells, myeloid-derived suppressor cells 
(MDSCs), as well as tumor-associated monocytes and macrophages (TAMs), have 
been demonstrated to create a stem cell niche and control CSC phenotype in pancre-
atic, ovarian, and breast cancer [61–63]. Inflammatory cytokines, such as IL-1, 
IL-6, and IL-8, have shown to regulate CSC self-renewal, tumor growth, and EMT, 
through modulating MDSCs, monocytes, and/or macrophages [64–66]. Involvement 
of these cytokines and tumor-infiltrating stromal cells in malignant potential of 
ESCC has also been demonstrated [67–74]. Immune checkpoints, such as the pro-
grammed cell death-1 (PD-1)/PD-L1 axis and the cytotoxic T lymphocyte antigen 4 
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(CTLA-4)/B7 axis, have been shown to suppress T cell-mediated immune response 
to protect CSCs in various types of cancer, including head and neck squamous cell 
carcinoma [75, 76]. The expression of PD-L1 is associated with poor prognosis in 
patients with ESCC [67, 69, 77], suggesting a role of immune checkpoints in sur-
vival and progression of CSCs in ESCC, as well.

Further investigations focusing on the interaction between tumor microenviron-
ment and candidate CSCs in ESCC may provide us with a better understanding of 
CSC regulation in ESCC.

3.6  �Clinical Application of Stem Cell Biology  
in Esophageal Cancer

3.6.1  �Therapeutic Application

Therapeutic application of stem cell biology includes directory targeting the CSCs 
to eliminate them taking advantages of specific marker expression, the stem cell-
specific signaling pathways, and CSC niche in tumor microenvironment.

Inhibition of Wnt-β-catenin pathway with small molecules, such as nonsteroidal 
anti-inflammatory drugs and retinoic acid, has been shown to have anti-tumorigenic 
effects in ESCC [39, 40, 78–80], as well as colon cancer [81–83]. Trastuzumab has 
been shown to target tumor-initiating cells via disrupting notch pathway in breast 
cancer [84]. In ESCC, targeting EGFR and HER-2 with cetuximab and trastuzumab 
has been shown to have potential therapeutic significance [85, 86].

Hedgehog signaling pathway inhibitors, such as cyclopamine and vismodegib, 
have shown therapeutic effect in various solid tumors, such as basal cell and pancre-
atic cancer [87, 88]. In ESCC, cyclopamine has been shown to inhibit proliferation 
and migration in vitro [89].

Targeting the tumor microenvironment, inhibitors against inflammatory cyto-
kines, such as IL-1, IL-6, and IL-8, and their receptors have been shown to disrupt 
cancer stem cell phenotype in prostate cancer and breast cancer cells [90–92]. 
Immune checkpoint inhibitors, such as PD-1 and PD-L1 antibodies, have been 
shown to overcome immune resistance against CSCs in non-small-cell lung cancer, 
melanoma, renal cell cancer, and Hodgkin’s lymphoma [93, 94]. Several strategies 
in immune targeting against CSCs have been reported, such as adoptive transfer of 
CSC-primed T cells in solid tumors [95] and CSC-based dendritic cell vaccines 
[96–98].

Reports have demonstrated strategies to target CSCs using nanoparticles, such as 
conventional chemotherapeutic drugs, against the CSC surface markers in solid 
tumors including breast and pancreatic cancer [91, 92, 99–102].

Because fundamental biological processes which regulate CSCs are commonly 
crucial in various types of cancer, these therapeutic strategies are promising for 
development of novel therapies targeting CSCs in ESCC, as well.

3  Clinical Application of Stem Cell Biology in Esophageal Cancer
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3.6.2  �Diagnostic Application

Diagnostic application of stem cell biology includes detection of CSCs in various 
samples, such as tumor specimens and peripheral blood, as biomarker for early 
detection and for personalized therapies. In recent years, reports have demonstrated 
that circulating tumor cells (CTCs) in peripheral blood sample of the patients were 
detected based on the expression of epithelial-specific markers, such as EpCAM 
[103]. Quantification of CTCs has been reported to be an early detection marker for 
metastasis and prognostic factor in patients with various types of cancer [104–106]. More 
recent reports suggested that circulating tumor stem cells (CTSCs), rather than CTCs, 
were more accurate diagnostic marker for metastasis ([6, 7], Grover et al. 2014), because 
CSCs are responsible for metastasis through processes such as epithelial-mesenchymal 
transition (EMT), circulation, and tumor initiation in the metastatic sites [8–10].

Our two-color flow cytometric investigation using peripheral blood samples of ESCC 
patients (Fig. 3.3) revealed that EpCAM+p75NTR+cell count was significantly higher 
in ESCC patients than healthy controls [30]. More importantly, EpCAM+p75NTR+, but 
not EpCAM+p75NTR- CTC counts, correlated with clinically diagnosed distant metas-
tasis (p = 0.003, Table 3.1) and pathological venous invasion in surgically resected pri-
mary ESCC tumors (p = 0.016, Table 3.2), suggesting that detection of CTSCs based on 
the expression of p75NTR was a more accurate diagnostic marker than CTC detection 
using EpCAM alone. Investigations based on large-scale prospective studies with long-
term follow-up are now ongoing to provide evidences for its clinical use.
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Fig. 3.3  Mononuclear cells from 3 mL peripheral blood of an ESCC patient were co-stained with 
anti-EpCAM-APC and anti-p75NTR-FITC, and analyzed by two-color flow cytometry (left panel). 
Quadrant markers were set according to isotype-matched controls. EpCAM+p75NTR+cell count 
was significantly higher in ESCC patients than healthy controls (right panel). (Reproduced from 
[30] with permission from BioMed Central)
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3.7  �Summary

Identification and characterization of candidate CSCs using various markers have 
been reported in ESCC, enabling us to investigate biological processes in more 
specific cell subsets based on combined expression of multiple markers. Our inves-
tigation using ESCC cell lines revealed that majority of p75NTR-positive/CD44-
negative/CD90-negative cells were in a mitotically quiescent state, along with 
higher colony formation, enhanced tumorigenicity, and greater chemoresistance, 
indicating that the cells represent a quiescent CSC fraction. Investigation in molecu-
lar mechanisms which regulate stem cell properties in our candidate CSC fraction 
will now be underway. With recent progress in clinical application of CSC research 
in various types of cancer, further investigation targeting candidate CSCs in ESCC 
may lead to development of novel therapeutic and diagnostic strategies in the near 
future.

Conflicts of Interest Disclosure  None of the authors have any financial relation-
ships to disclose.

Table 3.1  Relationship between the clinicopathological features and mean EpCAM + p75NTR + or 
EpCAM + p75NTR- CTC counts in patients who underwent surgery (Reproduced from [30] with 
permission from BioMed Central)

Characteristics n
EpCAM + p75NTR + 
(average ± SD) p-value

EpCAM + p75NTR- 
(average±SD) p-value

T 0–2/3–4 1/12 7.0/16.4 ± 13.0 0.501 0/23.9 ± 30.6 0.468
N 0/1–3 1/12 7.0/16.4 ± 13.0 0.501 0/23.9 ± 30.6 0.468
M 0/1 8/5 7.1 ± 5.9/29.4 ± 6.4 *0.003 19.5 ± 20.8/26.2 ± 43.7 0.713
Stage1–2/3–4 1/12 7.0/16.4 ± 13.0 0.501 0/23.9 ± 30.6 0.468

CTC Circulating tumor cell, SD standard deviation
*p < 0.05

Table 3.2  Relationship between the clinical features and mean EpCAM + p75NTR + or 
EpCAM + p75NTR- CTC counts in patients who received chemotherapy or chemoradiotherapy 
(Reproduced from [30] with permission from BioMed Central)

Characteristics n
EpCAM + p75NTR + 
(average ± SD) p-value

EpCAM + p75NTR-
(average ± SD) p-value

pT 0–2/3–4 4/6 2.0 ± 2.8/26.2 ± 29.3 0.146 27.0 ± 50.1/ 2.0 ± 4.9 0.246
pN 0/1–3 7/3 14.9 ± 27.7/20.3 ± 23.1 0.773 0.8 ± 2.3/ 38.0 ± 55.7 0.090
Ly 0/1–2 7/3 14.9 ± 27.7/20.3 ± 23.1 0.773 0.8 ± 2.3/ 38.0 ± 55.7 0.090
v 0/1–2 7/3 5.0 ± 4.2/43.3 ± 35.6 *0.016 0.8 ± 2.3/ 38.0 ± 55.7 0.090
pStage 
1–2/3–4

7/3 15.7 ± 27.2/18.3 ± 25.1 0.891 15.4 ± 38.2/4.0 ± 6.9 0.632

CTC Circulating tumor cell, ly lymphatic invasion, v venous invasion, SD standard deviation
*p < 0.05
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Chapter 4
Molecular Diagnosis and Targeted  
Therapy for Gastric Cancer

Nobuhisa Matsuhashi, Kazuhiro Yoshida, Kazuya Yamaguchi, and 
Toshiyuki Tanahashi

Abstract  Gastric cancer (GC) is a heterogeneous cancer with widely varied out-
come and similar clinical and pathological features in Caucasians and Asians. The 
treatment results from Asian countries seem to be better than those of Western 
countries. There is an urgent need to clarify the differences in results between 
Eastern and Western countries and to determine the best management of patients 
with GC.  Now, the molecular biology of cancer is gradually becoming clear. 
Molecular-targeted drugs are on the rise, and classifications corresponding to the 
biomarkers of these drugs are beginning to be used in clinical settings. In addi-
tion, huge quantities of genome information are gradually being analyzed in a 
short time with the appearance of next-generation sequencers that can identify 
gene variation and copy number abnormalities. Now, because a classification 
based on the characteristics of the genome level of GC has been reported, we 
review the latest information on GC.

Keywords  Molecular diagnosis • Targeted therapy • Gastric cancer

4.1  �Introduction

Estimates of the worldwide incidence, mortality, and prevalence of 26 cancers in 
the year 2012 are now available in the GLOBOCAN series of the International 
Agency for Research on Cancer. The most commonly diagnosed cancers are lung 
(1.35 million), breast (1.15 million), and colorectal (1 million); the most 
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common cause of cancer death is lung cancer (1.18 million deaths), and the sec-
ond most common cause is gastric cancer (GC) (700,000 deaths) [1]. However, 
GC is the most common cancer in several areas of the world, most notably in 
Japan, Korea, and China. In Japan, the incidence of GC is almost ten times higher 
than that in the United States. In most areas in Japan, the incidence of GC in men 
is almost twice that of women [2]. GC, one of the most common human cancers, 
is a heterogeneous disease with different phenotypes and varying prognoses and 
responses to treatment. Among the various viewpoints, the newly developed con-
cept of oncogene addiction provides a rationale for the use of targeted 
therapies.

4.1.1  ��Genetic and Molecular Alterations During  
Gastric Carcinogenesis Helicobacter pylori

Recent epidemiological studies have indicated that Helicobacter pylori plays a 
key role in the development of both intestinal-type and diffuse-type gastric carci-
nomas [3–5]. H. pylori is a gram-negative, spiral-shaped bacterium that infects 
the stomach of about half of the world’s population. The acidic environment in the 
stomach usually prevents the survival of viruses, bacteria, and other microorgan-
isms, but H. pylori has evolved to uniquely overcome this harsh environment. 
H. pylori secretes urease, a special enzyme that converts urea to ammonia to neu-
tralize the acidity of the stomach, making the stomach a more hospitable place for 
H. pylori. With H. pylori’s ability to survive this harsh environment, the stomach 
provides it with a special living niche. Host inflammatory/immune cells that 
would normally recognize and attack invading bacteria are unable to cross from 
blood vessels through the stomach epithelial mucosa. Instead, the ineffective host 
cells continue to respond to the site of infection, where they die and release nutri-
ents that feed the gastric pathogen. H. pylori infection is primarily acquired dur-
ing childhood, and the transmission occurs through a fecal–oral or oral–oral 
mode, primarily within families. In the majority of cases, H. pylori infection is 
lifelong in the absence of eradication with antibiotics [6–8]. It is now well estab-
lished that H. pylori infection predisposes individuals to gastric adenocarcinoma 
later in life [9, 10]. H. pylori has been classified by the International Agency for 
Research on Cancer (IARC) as a definite carcinogen to humans (group 1) [11]. H. 
pylori infection induces a chronic inflammation of the gastric mucosa that is 
intensified by the host inflammatory immune response with high levels of several 
cytokines. This chronic process leads, in a minority of infected individuals, to the 
development of GC through a series of intermediate progressive stages including 
mild and severe chronic gastritis; atrophic gastritis; gastric atrophy, characterized 
by hypochlorhydria; and intestinal metaplasia [4, 12]. Recent meta-analyses have 
estimated that H. pylori infection increases the risk of GC by two–threefold, with 
higher estimates for noncardiac GC [13–15].
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4.1.2  �Oncogenic Mechanisms of H. pylori CagA Protein

The CagA gene, which encodes a 120–135 KDa immunodominant protein, CagA, 
is localized at one end of the Cag pathogenicity island (cag PAI), a 40 kb DNA seg-
ment that is thought to be horizontally transferred into the H. pylori genome [16, 
17]. H. pylori CagA is the first bacterial oncoprotein to be identified in relation to 
human cancer [18]. CagA is delivered into gastric epithelial cells through a bacterial 
type IV secretion system and localizes to the plasma membrane, where it undergoes 
tyrosine phosphorylation by host cell kinases. Infection with cagA-positive H. 
pylori strains has been associated with higher grades of gastric mucosal inflamma-
tion and severe atrophic gastritis and has been thought to play an important role in 
the development of gastric carcinoma. This link is further supported by the results 
of a combined analysis of 16 studies showing a twofold increase in the risk of GC 
associated with cagA-positive H. pylori compared to the risk of GC associated with 
CagA-negative H. pylori [19, 20].

It is well documented that chronic infection with CagA-positive H. pylori induces 
progressive histopathological changes in gastric mucosa that lead to intestinal-type 
gastric adenocarcinoma: superficial gastritis, atrophic gastritis, intestinal metaplasia, 
dysplasia, and adenocarcinoma [21–23] (Fig.  4.1). In addition, in terms of CagA 
polymorphisms, the vast majority of H. pylori isolates in East Asian countries bear 
East Asian CagA. In contrast, most if not all of the H. pylori cagA-positive strains 
isolated in non-East Asian countries carry Western CagA.  A clear exception is 
Southeast Asia, where H. pylori strains carrying East Asian CagA and Western CagA 
coexist at various ratios in different areas and countries [23–25]. Chronic infection 
with cagA-positive strains of H. pylori hyperstimulates gastric epithelial turnover by 
constitutively exposing cells to oncogenic stress [26]. Long-term sustenance of such a 
situation substantially increases the chance of epithelial cells acquiring genetic and 
epigenetic defects in signaling pathways including those involved in senescence and 
apoptosis, the malfunctioning of which is an important hallmark of cancer [27] 
(Fig. 4.2).

4.1.3  �Claudin-18 Loss

Claudin-18 has two alternative splicing forms, the lung and stomach types, which 
use a different first exon and the same exons 2–4; the two isoforms are regulated by 
different tissue-specific promotors. Because stomach-type claudin-18 is the predom-
inant claudin expressed in stomach, it is expected to regulate the stomach-specific 
properties of the paracellular barrier, including resistance to H+ leakage and/or pep-
sin, as implied by its overexpression in MDCK II cells [28, 29]. Epithelial cells 
adhere to each other to form cell sheets, and when the intercellular spaces between 
epithelial cells are sealed by tight junctions, the paracellular barrier function is estab-
lished [30, 31, 32]. Sanada et  al. [33] reported the downregulation of claudin-18 

4  Molecular Diagnosis and Targeted Therapy for Gastric Cancer



66

T
yr

o
si

n
e 

p
h

o
sp

h
o

ry
la

ti
o

n

D
ep

en
de

nt
 m

an
ne

r
In

de
pe

nd
en

t m
an

ne
r

G
as

tr
ic

 e
pi

th
el

ia
l c

el
l

C
ag

A

C
ag

A
C

ag
A

C
ag

A

C
ag

A
C

ag
A

C
ag

A

C
ag

A
C

sk
P

P

P

P

P

Focal
adhesions

sp
ro

ut
y?

R
as

R
af

M
ek

E
rk

P

P

S
H

P
-2

C
or

ta
ct

in

F
A

K

F
A

K

C
or

ta
ct

in

S
rc

A
bl

C
ag

A
C

ag
A

C
ag

A

C
ag

AC
ag

A
C

ag
A

C
ag

A

C
ag

A

C
ag

A

C
ag

A

E
-c

ad
he

rin

C
ur

re
nt

 O
pi

ni
on

 in
 M

ic
ro

bi
ol

og
y

T
C

F

W
nt

/b
-c

at
en

in
-

D
ep

en
de

nt
 g

en
es

(c
yc

lin
 D

1,
 c

dx
1 

et
c.

)

N
FA

T-
de

pe
nd

en
t g

en
es

cy
to

ki
ne

 g
en

es
 (

IL
-8

 e
tc

.)
m

et
al

lo
pr

ot
ea

se
 g

en
es

 (
M

M
P

-1
 e

tc
.)

an
ti-

ap
op

to
to

c 
ge

ne
s

Im
m

ed
ia

te
 e

ar
ly

 g
en

es
gr

ow
th

-p
ro

m
ot

in
g 

ge
ne

s

C
ag

A

P
A

R
1

D
is

ru
pt

io
n 

of
tig

ht
ju

nc
tio

ns

Lo
ss

 o
f c

el
l

po
la

rit
y

T
ig

ht
ju

nc
tio

ns

G
rb

2
P

LC
C

rk

D
oc

k

R
ac

1
R

as R
af

M
ek

E
rk

N
F

A
T

N
F

-k
B

E
LK

E
LK

G
en

om
e

N
F

-k
B

N
F

A
T

N
F

A
T

In
hi

bi
tio

n 
of

 P
A

R
1 

ki
na

se
W

av
e

A
rp

2/
3

A
ct

in
 p

ol
ym

riz
at

io
n

β-
ca

te
ni

n

β
β

β
β

β

β

β

β

H
um

m
in

gb
ird

 p
he

no
ty

pe
C

el
l s

ca
tte

rin
g

P

C
ag

F

C
ag

L
C

ag
L

In
te

gr
in

 α
5β

1
C

.M
ot

C
ag

A

H
. p

yi
or

i

F
ig

. 4
.1

 
O

nc
og

en
ic

 m
ec

ha
ni

sm
s 

of
 H

el
ic

ob
ac

te
r 

py
lo

ri
 C

ag
A

 p
ro

te
in

. S
ou

rc
e:

 R
ef

s.
 [

22
, 2

3]

N. Matsuhashi et al.



67

Fig. 4.2  Global distribution of Helicobacter pylori Western CagA (yellow) and East Asian CagA 
(orange). Source: Ref. [23]

expression in human GC. Hayashi et al. [34] reported that that claudin-18-dependent 
formation of the paracellular barrier against H+ diffusion is likely to play a specific 
role in the prevention of gastritis. Because claudin-18 is the major tight junction (TJ) 
component of stomach epithelial cells, barrier dysfunction of the tight junctions is 
reduced in H. pylori-induced atrophic gastritis and intestinal metaplasia. According 
to this result, claudin-18 can lead to a precancerous condition [33, [34].

4.1.4  �Overexpression of HER2, EGFR, and c-MET

Recently, significant achievements have been made in the discovery and 
advancement of treatments for lung cancer due to the recognition of distinct 
molecular subtypes generally headlined by an actionable “driver mutation” such 
as rearrangement in anaplastic lymphoma kinase (ALK), c-ROS kinase (ROS1), 
or rearrangement during transformation (RET kinase) or amplification of HER2 
or MET, or mutations in epidermal growth factor receptor (EGFR), BRAF 
(V600E), and KRAS. Many of these same mutations have been described in GC 
[35] (Fig. 4.3).

HER2 overexpression has been observed in 9–38% of GC patients and occurs 
more frequently in gastroesophageal junction (GEJ) and intestinal-type tumors 
[36]. Treatment with the anti-HER2 monoclonal antibody trastuzumab has been 
proven to achieve improved survival in patients with HER2-positive advanced 
GC [37–39].
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The Trastuzumab for Gastric Cancer (ToGA) trial investigated the addition of 
trastuzumab to standard cisplatin and 5-fluorouracil-based chemotherapy to 
determine whether it would significantly improve the rate of overall survival 
(OS). Among 3665 patients with advanced GC or GEJ carcinoma who were suc-
cessfully screened for HER2 overexpression, 810 (22.1%) were positive for 
HER2 overexpression. The rates of HER2 positivity were similar in Europe 
(23.6%) and Asia (23.5%) [40] and were higher in GEJ than GC (33.2% vs. 
20.9%; p  <  0.001) and in intestinal than diffuse/mixed cancer (32.2% vs. 
6.1%/20.4%; p < 0.001) [40]. Of the patients enrolled in ToGA, 81.8% (478/584) 
had GC, whereas the rest had GEJ carcinoma. Most of the ToGA patients had 
intestinal histology (75.5%), with diffuse histology seen in 8.8% of the patients 
and mixed histology seen in the remaining 15.7% of patients. Slightly more than 
half of the enrolled patients (52.9%, 309/584) were Asians. Stratification was by 
performance status, stage, primary cancer site, and measurability of disease. The 
addition of trastuzumab to the chemotherapy regimen significantly improved the 
objective response rate to 47% as compared with 35% for chemotherapy alone 
(odds ratio [OR], 1.70; 95% confidence interval [CI], 1.22–2.38; p = 0.0018). 
Trastuzumab also significantly improved the rate of progression-free survival 
(PFS) from 5.5 months to 6.7 months (hazard ratio [HR] = 0.71; 95% CI, 0.59–
0.85, p  =  0.0002), and of most importance, the addition of trastuzumab 
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Fig. 4.3  Proportion of potential driver mutations identified in gastric carcinoma. Source: Ref. 
(Lee J, Ou SH. Discov Med, 2013, 16:7–14)
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significantly improved OS from 11.1 months to 13.8 months (HR = 0.74; 95% 
CI, 0.60–0.91, p  =  0.0045). Post hoc subgroup analysis showed that OS had 
improved significantly in patients from Europe (n = 190, HR = 0.63; 95% CI, 
0.44–0.89) and Central/South America (n = 52; HR = 0.44; 95% CI, 0.21–0.90) 
but that in Asian patients had not significantly improved (n = 319; HR = 0.82; 
95% CI, 0.61–1.11) [40]. To date, the only successful and approved targeted 
therapy for GC is trastuzumab in combination with chemotherapy in GC with 
HER2 overexpression [41].

The prognostic effect and clinicopathological features of EGFR and c-MET 
have also been studied. EGFR overexpression, which was observed in 27–44% of 
GC patients, has generally been reported to be a poor prognostic factor [42]. The 
correlation between EGFR status and clinicopathological characteristics has not 
been clearly elucidated. EGFR-positive status was reported to be frequently asso-
ciated with the following factors: non-curatively treated GC [43], older age, mod-
erately to poorly differentiated histological appearance, higher-stage disease [44], 
and recurrence after curative surgery and higher disease stages [45]. On the whole, 
c-MET overexpression, which was observed in 22–82% of GC patients, has also 
been reported to be associated with poor prognosis [42, 46, 47]; however, findings 
from a few other studies were contradictory. Recently, Fuse et al. [48] investigated 
co-overexpression of HER2, EGFR, and c-MET in patients with advanced GC 
who received standard chemotherapy and found that only c-MET was a signifi-
cant and independent prognostic factor, which suggests that c-MET would be a 
good candidate for molecular-targeted agents [49] (Fig. 4.4). In the future, a new 
treatment strategy for patients simultaneously positive for EGFR or c-MET and 
HER2 is required.

HER2-/EGFR-/MET-:
125 (43%)

HER2+/EGFR+/MET+:
10 (3%)

HER2+/EGFR+/MET-: 6 (2%) 
HER2+/EGFR-/MET+:
14 (5%)

HER2-/EGFR+/MET+:
34 (12%)

HER2+/EGFR-/MET-:
13 (4%) 

HER2-/EGFR+/MET-:
29 (10%)

HER2-/EGFR-/MET+:
62 (21%)

Fig. 4.4  Co-overexpression status of human epidermal growth factor receptor 2 (HER2), epider-
mal growth factor receptor (EGFR), and c-MET. Source: Ref. [48]
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4.1.5  �VEGF-Directed Therapies

The VEGF family consists of five ligands [VEGFA, VEGFB, VEGFC, VEGFD, 
and placental growth factor (PIGF)] and three receptor tyrosine kinases 
[VEGF-R1, R2, and R3]. Of the VEGF receptors, VEGF-R2 expression is 
restricted to the vasculature and appears to play a key role in angiogenesis [49]. 
The failure of the AVAGAST trial was a setback for anti-angiogenic therapy for 
this disease [50]. Ramucirumab is a monoclonal antibody that binds to and pre-
vents the activation of VEGF-R2. The recent REGARD trial, a randomized phase 
III trial of ramucirumab vs. placebo in patients with advanced, pretreated GC, 
met its primary endpoint of increased OS [51]. The subsequent RAINBOW trial 
pitting paclitaxel + ramucirumab against paclitaxel + placebo for advanced pre-
treated GC confirmed the survival advantage of this anti-angiogenic agent in GC 
[52]. Most (60%) of the patients were North American or European, and the 
remainder were Asian. Those patients treated with ramucirumab + paclitaxel 
experienced statistically significant and clinically meaningful improvement in 
OS compared with those treated with paclitaxel alone (9.63  m vs. 7.26  m, 
HR = 0.807; 95% CI, 0.678–0.962; p = 0.0169). Improvements of the response 
rate and PFS were also comparable in the study’s experimental arm. A subgroup 
analysis showed that Asian patients did not obtain the same benefit of OS as the 
non-Asian patients did. Although the reasons for the discrepant outcome between 
Asian and Caucasian patients are unclear, one possibility is that Asian GC 
patients have a relatively less aggressive disease biology and often undergo third- 
and fourth-line therapies. The rates for these additional lines of therapy were 
75% in Japanese patients but <40% in non-Asian patients. Compared with the 
Asian patients in this study, those from Europe or North America clearly derived 
more benefit from anti-angiogenic therapy [53].

4.1.6  �Definition of Gastric and Intestinal Phenotypes of GC

GC, one of the most common human cancers, is a heterogeneous disease with dif-
ferent phenotypes and varying prognoses and responses to treatment. Therefore, 
subtype classification of GC is necessary to predict prognosis and decide on effec-
tive treatments. Histologically, GC demonstrates marked heterogeneity at both the 
architectural and cytologic levels, often with the coexistence of several histologic 
elements [54]. In Eastern and Western countries, the histologic classification of GC 
has largely been based on Lauren’s criteria, in which intestinal-type and diffuse-
type adenocarcinoma are the two major histologic subtypes, plus mixed type as an 
uncommon variant [55]. The relative frequencies are approximately 54% for intes-
tinal type, 32% for diffuse type, and 15% for mixed type [55–57]. There are indica-
tions that the intestinal-type adenocarcinoma is more often associated with 
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intestinal metaplasia and H. pylori infection, whereas the diffuse-type gastric car-
cinoma is more often seen in families, females, and young individuals. Although 
the Lauren classification provides important information in clinical practice, it is 
not critical for predicting prognosis or determining treatment. Oue et  al. [58] 
reported that GC can also be classified into a gastric or intestinal phenotype accord-
ing to mucin expression. Accumulating evidence has indicated that gastric and 
intestinal phenotypes of GC have distinct clinical characteristics and exhibit spe-
cific genetic and epigenetic changes. Oue et al. [59] also focused on the clinical 
and molecular characteristics of the gastric and intestinal phenotypes of GC and 
reported that theTP53 mutation and allelic deletion of the APC gene are detected 
more frequently in the intestinal phenotype of GC. In contrast, CDH1 gene muta-
tion is detected in differentiated-type GC showing a gastric phenotype [60]. 
Microsatellite instability (MSI) is detected more frequently in the gastric pheno-
type of GC [61]. Yasui et  al. [56, 57] reported that GC cases showing CK7−/
CK20+ were frequently found in the intestinal phenotype of GC, whereas GC 
cases showing CK7+/CK20- were commonly found in the gastric phenotype of 
GC. Nuclear β-catenin staining was frequently found in the intestinal phenotype of 
GC. However, expression of MMP7, laminin γ2, or HER2 was not correlated with 
gastric or intestinal phenotypes of GC [62, 63].

Whole genome or exon sequencing in GC has been performed, and mutation of 
the RHOA gene in undifferentiated-type GC has been reported [64] (Fig.  4.5). 
According to the COSMIC website (http://cancer.sanger.ac.uk), the most frequently 
mutated gene is TP53 (32%), and the second most frequently mutated gene is 
ARID1A (14%). Frequencies of other gene mutations are approximately 10% or less 
[65]. Although the associations between mutation of these genes and gastric and 
intestinal phenotypes are unclear, driver gene mutation is a rare event, and it is 
difficult to plan an effective treatment according to such gene mutations. In contrast, 
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the Cancer Genome Atlas Network has reported that GC can be classified into four 
distinct molecular subtypes: GC positive for Epstein-Barr (EB) virus, microsatellite 
unstable GC, genomically stable GC, and GC with chromosomal instability [65]. As 
described above, MSI is detected more frequently in the gastric phenotype of 
GC. GC positive for EB virus is also frequently found in the gastric phenotype of 
GC [58]. However, the mucin phenotypes of genomically stable GC and GC with 
chromosomal instability remain unclear. In the future, classification of these sub-
types may be used to provide personalized medicine.

4.1.7  �Whole-Exome/Genome Sequencing  
Analyses of GC in Asia

GC is a leading cause of global cancer mortality, with high incidence rates in Asia 
and parts of Latin America [66]. Survival outcomes differ across geographical 
regions, with rates of 5-year OS being 10–15% in North America and 45–50% in 
East Asia [67–69]. These differences cannot be explained simply by improved early 
diagnosis in Asian countries as they persist even after stratifying for disease stage 
[70]. It has been suggested that these differences may reflect geographic variability 
in clinical practice. However, Asian patients treated in Western countries still exhibit 
superior outcomes compared with Caucasians, albeit worse outcomes than patients 
from Asian registries in their home countries [71, 72]. Lin et al. [1] assembled nine 
independent GC microarray cohorts comprising 1016 tumor gene expression pro-
files, six from Asian localities (n = 890) and three from outside Asia (n = 126). 
Except for tumor location, most of the clinicopathologic parameters, such as age, 
sex, and stage, were not significantly different between the Asian and non-Asian 
cohorts. However, there were significantly more cases of tumors in the upper third 
of the stomach in the non-Asian vs. Asian cohorts (p = 0.04). This study showed that 
for major cancer oncogenes such as KRAS, HER2, and FGFR2, somatic gene muta-
tions and gene amplification rates are basically similar between Asian and non-
Asian GCs. However, the association of GC with enrichment of tumor-infiltrating T 
cells and T-cell gene expression signatures, including CTLA-4 signaling, was stron-
ger in non-Asian GCs [1]. In the future, differences in tumor immunity may contrib-
ute to geographical differences in clinical outcome and the design of future trials 
particularly in immuno-oncology.

4.1.8  �Immune Checkpoint Blockade of PD-1/PD-L1

PD-1/PD-L1 blockade has recently been shown to be a promising treatment in a 
variety of tumor types [74–76]. Pembrolizumab is a humanized monoclonal anti-
PD-1 antibody of the IgG4-kappa isotype that blocks the interaction between PD-1 
and its ligands, PD-L1 and PD-L2. Pembrolizumab is FDA approved for the 

N. Matsuhashi et al.



73

treatment of unresectable or metastatic melanoma and for PD-L1-positive meta-
static non-small cell lung cancer [76–80]. Le et  al. [81] reported that mismatch 
repair status predicted the clinical benefit of immune checkpoint blockade with 
pembrolizumab. In their cohort of patients with mismatch repair-deficient colorectal 
cancer (cohort A), median PFS and median OS were not reached. Contrastingly, in 
those with mismatch repair-proficient cancers (cohort B), median PFS was only 
2.2 months (95% CI, 1.4–2.8), and median OS was 5.0 months (95% CI, 3.0 to not 
estimable). The median PFS in their cohort C (patients with mismatch repair-defi-
cient noncolorectal cancer) was 5.4  months (95% CI, 3 to not estimable), and 
median OS was not reached. KEYNOTE-012 was a multicenter, open-label, phase 
1b trial in which patients with advanced GC, urothelial cancer, triple-negative breast 
cancer, and head and neck cancer were treated. In their report, Seiwert et al. [80] 
described the results of the cohort with advanced GC, which comprised 39 patients 
(19 from East Asia and 20 from other areas in the world). Specimens from 24 
patients with microsatellite instability were also analyzed. Four (17%) of these 24 
patients had tumors with high microsatellite instability (two [8%] Asian patients 
and two [8%] from elsewhere) and the remaining 20 (83%) had tumors with micro-
satellite stability. Among all 32 patients with at least one post-baseline tumor assess-
ment, 17 (53%) experienced a decrease in their target lesion size from baseline. A 
central review showed the median time to response to be 8 weeks. At the final analy-
sis, four of the eight responders were alive, had no disease progression, and required 
no additional anticancer therapy. The median duration of response was 40 weeks, 
and decreased tumor burden was maintained over several assessments. One patient 
experienced 100% reduction in the target region but was not judged to have a com-
plete response because of the subsequent development of new lesions. In the four 
patients with GC with high microsatellite instability, two experienced a partial 
response, but the disease progressed in the other two. From these results, mismatch 
repair status was unable to predict the clinical benefit of immune checkpoint block-
ade with pembrolizumab in GC [81]. Several ongoing studies are continuing to 
investigate the efficacy and safety of pembrolizumab in patients with advanced gas-
tric or GEJ cancer. In view of the mechanism of action of pembrolizumab, the 
known expression of PD-L1 in GC and data from patients with non-small cell lung 
cancer suggest an improved response in patients whose tumors express PD-L1 [82] 
(Fig. 4.6a–c).

4.1.9  �Conversion Therapy for Stage IV GC

4.1.9.1  �Proposal of New Biological Categories of Classification

The strategy for treating stage IV GC remains controversial. Due to poor prognosis, 
the variance in physical status, and severe symptoms, it is important to determine 
the optimal strategy for treating each individual patient with stage IV disease. The 
survival efficacy of palliative gastrectomy by reductive gastrectomy for advanced 
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tumors has been denied in three Asian countries in the REGATTA trial [83]. 
However, the development of molecular technology and targeted therapies has 
drawn attention due to their potentially greater anticancer activity and fewer side 
effects than traditional chemotherapeutic agents. This suggests that the develop-
ment of new cancer treatment strategies will require the discovery of more 
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candidates to target. For this reason, we reviewed the current status of GC to better 
understand the biology and indications of curative surgery as conversion therapy. 
We have proposed new categories for the classification of stage IV GC, taking into 
account the heterogeneous situation and treatment trends in general practice. In the 
new categories of classification, we have divided stage IV GC into two entities of 
macroscopic-positive and macroscopic-negative patients, who are further classified 
into four categories [84]. Patients without macroscopic peritoneal dissemination are 
classified into category 1 and category 2. The patients with potentially resectable 
metastasis are classified into category 1, whereas those with marginally resectable 
metastasis are classified into category 2. Patients with macroscopic peritoneal dis-
semination are classified into category 3 and category 4. The patients in category 3 
are considered to be incurable and have unresectable metastases; however, resection 
may be performed to achieve local palliation. The patients in category 4 have non-
curable metastases. It is essentially impossible to achieve a cure in any patient with 
peritoneal carcinomatosis from GC, irrespective of the extent of pretreatment or the 
ability to achieve an R0 resection. However, the survival outcomes differ according 
to the degree of disease progression and the extent of the disease, in addition to the 
response to therapy. Longer survival can be expected in patients in categories 1 and 
2 who are treated with curative intent, whereas treatment of the patients in the other 
categories focuses on “care.” The concept of conversion therapy or adjuvant surgery 
principally includes patients in category 2, some patients in category 3, and rarely 
patients in category 4 when operations are performed with the goal of achieving an 
R0 resection or a surgical cure [85] (Fig. 4.7). This suggests that the development of 
new cancer treatment strategies will require the discovery of more candidates to 
target. A retrospective cohort study is now being conducted in Asia through the 
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Federation of Asian Clinical Oncology (FACO), which consists of the Japanese 
Society of Clinical Oncology (JSCO), the Korean Association of Clinical Oncology 
(KACO), and the Chinese Society of Clinical Oncology (CSCO), with the support 
of the Japanese Gastric Cancer Association (JGCA), the Korean Gastric Cancer 
Association (KGCA), and the Gastric Cancer Association of the Chinese Anti-
cancer Association. Further analysis will prove to clarify the benefits of conversion 
therapy in the new strategic approach for stage IV GC.

In conclusion, the development of new DNA sequencing technologies, such as 
next-generation sequencing techniques, may dramatically increase the speed and 
reduce the cost of DNA sequencing, thus enabling more rapid and detailed analysis 
of gene amplifications and genetic alterations in GC. In turn, the development of 
more potent molecular diagnosis and targeted therapy for the treatment of GC will 
be expected.
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Chapter 5
Colorectal Cancers Developed from Proximal 
and Distal Tumor Location Belong 
to the Distinct Genetic Entity and Show 
Different Oncologic Behavior

Nagahide Matsubara

Abstract  Colorectal cancer is now understood as a genetic disease.
Because of the importance of this highly prevalent disease, intense research 

efforts during the past two decades have focused on molecular processes to gain a 
better understanding of carcinogenesis. Since then, colorectal cancer has become a 
leading research model for the genetic basis of cancer. Attempt of molecular clas-
sification of colorectal cancer was made in order to offer precision medicine.

Colorectal cancer located either proximal or distal to the splenic flexure has been 
considered as belonging to different clinicopathological or physiological categories. 
Now, tumor location in colorectum is becoming an important surrogate marker to 
estimate prognosis and to determine the treatment decision including selection of 
chemotherapy agents for CRC.

Keywords  Colorectal cancer • Tumor location • Chemotherapy • Carcinogenesis • 
Molecular classification

5.1  �Introduction

Colorectal cancer (CRC) is the third most common cancers in developed countries [1]. 
CRC is a significant cause of morbidity and mortality in Western population. Majority 
of CRC develops from distal part of the colon (descending, sigmoid colon and rectum), 
but recently the number of CRC develops from proximal part of the colon (cecum, 
ascending and transverse colon) is gradually increasing especially in elderly female 
population. Interestingly, majority of CRCs of Lynch syndrome, one of the common 
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hereditary CRC syndromes, develop from proximal part of the colon. The idea that 
CRCs located either proximal or distal to the splenic flexure of the colon belong to the 
different clinicopathological or physiological categories was not new. Nearly three 
decades ago, Bufill proposed that colon cancer located to the proximal and distal part 
of colorectum may rise from different biological pathways [2]. Differences in the 
embryologic origin of epithelium of proximal and distal segments may determine the 
differences in the susceptibility to the environmental carcinogenesis.

Recent advancement in the molecular biology supports an idea that differently 
accumulated genetic alterations on each side of the colon may underlie the patho-
logically different colorectal cancer. More recently, primary tumor location of CRCs 
has been considered as a prognostic factor: patients with proximal-sided tumors 
have worse prognosis than those with distal-sided tumors. Treatment effect of cer-
tain anticancer medicine may be different depending on the tumor location.

In this chapter, tumor location and CRCs are widely discussed especially heredi-
tary, and acquired alterations on proximal or distal part of CRCs are discussed.

5.2  �Biology of Normal Colon

Embryologic origins are different between proximal and distal segment of colorec-
tum [3]. Distal part of the colorectum (those originating in the splenic flexure, 
descending colon, sigmoid colon, rectum) is derived from the embryonic hindgut 
[3]. In contrast, proximal part of the colorectum (those originated in the cecum, 
ascending colon, hepatic flexure, or transverse colon) is derived from the embryonic 
midgut, just as part of the duodenum and small intestine [3]. Vascular supply to the 
proximal and distal colon is also totally different, as midgut-originated proximal 
colon is served by the superior mesenteric artery, whereas hindgut-originated distal 
part of the large intestine is served by the inferior mesenteric artery [3].

Endocrine component is also different in tumor location. Accumulation of chro-
mogranin immunoreactive cells are observed in the distal large intestine and few of 
those cells are observed in the proximal part of colon [4]. Ornithine decarboxylase 
(ODC) is a key enzyme in polyamine synthesis, and its functional activity closely 
parallels cellular proliferative activity in normal colonic mucosa. GTP-activated 
isoform of ODC is predominantly distributed in proximal colon [5].

5.3  �Colorectal Cancer

In general proximal CRCs were more frequently diagnosed in elderly woman, and 
distal CRCs were more frequently diagnosed in men [6]. Patients with proximal 
CRC complain less symptoms, and comorbidities were more common in patients 
with proximal CRC [6]. Histologically, mucinous, undifferentiated, and signet ring 
cell carcinomas were more frequently diagnosed in patients with proximal CRC.
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Consistent with these differences in embryological origin, distal-sided and 
proximal-sided CRC possess different karyotypic and enzymatic profiles. For 
example, expression of ODC is frequently elevated in many human neoplasms 
including CRC. High levels of ODC expression and the presence of a GTP-activated 
isoform for proximal CRC predict a favorable prognosis in CRC [5]. It is known 
that cancers developed in the distal part of colon have more unstable in karyotype 
and show frequent loss of heterozygosity of chrosomose compared to those devel-
oped in the proximal colon.

5.3.1  �Hereditary Colorectal Cancer

Hereditary CRCs account for approximately 5–10% of the total CRC burden. 
Genetic germline mutations are the basis of inherited colon cancer syndromes. Two 
forms of hereditary colorectal cancer syndromes—one with and without associated 
polyposis of the colon—are known as familial adenomatous polyposis (FAP) and 
Lynch syndrome (LS). Interestingly CRCs based on FAP often develop in the distal 
part colon, and those on LS more often develop in proximal part of the colon.

5.3.2  �Lynch Syndrome (LS)

LS is the most frequently observed hereditary syndrome developing CRC.  It 
accounts for approximately 3–6% of the total CRC burden. The Lynch syndrome is 
an autosomal dominant syndrome with 30–74% penetrance. The syndrome is char-
acterized by an onset of CRC at an early age, right-sided predominance, excess of 
synchronous and metachronous CRCs, and extracolonic tumors of the endome-
trium, renal pelvis, ureter, and other locations. Pathologic characteristics of CRCs 
in Lynch syndrome include poor differentiation, mucin production, peritumoral 
lymphocytic infiltrate, and Crohn’s-like reaction. Causing genes for LS are mis-
match repair genes including MLH1, MSH2, MSH6, and PMS2.

5.3.3  �Familial Adenomatous Polyposis (FAP)

FAP is an autosomal-dominant inherited disease characterized by the development 
of multiple adenomas throughout the colorectum. It represents about 0.5–1% of all 
CRC cases and is the most common gastrointestinal polyposis syndrome. Germline 
mutations in the APC gene are responsible for most cases of FAP. Classic FAP is 
characterized by the presence of hundreds to thousands adenomatous polyps 
throughout the colon and rectum. At the time of adolescence, the polyps are usually 
identified in the rectosigmoid as small polyps and, thereafter, increase in size and 
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number. About half of FAP patients develop adenomas by 15 years of age and 95% 
by age 35 years. CRC inevitably occurs throughout the colorectum at an earlier age 
than sporadic CRC (average age of 35 years) but mainly occurs in distal part of the 
colon. Attenuated FAP (AFAP) is a variant of FAP with a mild disease course, char-
acterized by a reduced number of polyps (10–100), later age of onset, frequently 
proximal-sided distribution of polyps, and lower CRC risk (up to 70%). Clinical 
definition of AFAP is controversial and should be considered in any patient with 
10–99 adenomas, although a precise diagnosis is often difficult in a single patient. 
In many FAP patients, extracolonic manifestations are present, including gastric and 
duodenal polyps, desmoid tumors, thyroidal and brain tumors, osteomas, congenital 
hypertrophy of the retinal pigment epithelium, supernumerary teeth, and epider-
moid cysts.

5.4  �Molecular Carcinogenesis of Sporadic Colorectal Cancer

Recent advances have contributed to the understanding of the molecular basis of 
these various patterns of sporadic CRC. CRC develops as a result of the pathologic 
transformation of normal colonic epithelium to an adenomatous polyp and ulti-
mately an invasive cancer. Mutations in two classes of genes, tumor-suppressor 
genes and proto-oncogenes, are thought to impact a proliferative advantage to cells 
and contribute to development of the malignant phenotype. The multistep progres-
sion requires years and possibly decades and is accompanied by a number of 
recently characterized genetic alterations.

Two molecular pathways for colorectal carcinogenesis are well known [7]. 
Genomic instability is critical for carcinogenesis. It accelerates the neoplastic evo-
lutionary process, and without this, acquisition of new genetic alteration would 
occur too slowly for cancer development. One common genomic instability is chro-
mosomal instability (CIN) [8]. The molecular model of the adenoma-carcinoma 
sequence (traditional pathway) is attributed to the CIN, which is characterized by 
stepwise mutation or deletion of KRAS, APC, DCC, and TP53 [8, 9] (Fig. 5.1). As a 
gatekeeper gene, APC is an important regulator of the CIN pathway [10]. This path-
way is involved in the formation of dysplastic aberrant crypt foci (ACF) with KRAS 
mutations [11]. A minority of dysplastic ACF develops into simple and then 
advanced adenomatous polyps and finally produces an invasive cancer [12, 13]. 
Sporadic CRC resulted in CIN pathway mainly develops in distal part of the colon.

The second pathway responsible to the genomic instability is the mutator path-
way—microsatellite instability (MIN) pathway. In this pathway, dysfunction of a 
mismatch repair (MMR) genes (e.g., MLH1, MSH2, MSH6, or PMS2) results in 
genetic instability characterized by the accumulation of numerous mutations spe-
cifically target of repetitive DNA sequences called microsatellite. Thus, this phe-
nomenon is termed microsatellite instability (MSI). The high frequency of MSI 
detected throughout the genome after inactivation of a MMR gene is termed high-
level MSI (MSI-H) [14]. A subset (10–15%) of sporadic CRC exhibits MSI-H, and 

N. Matsubara



85

most of those are caused by silencing of MLH1 due to promoter hypermethylation, 
one of the epigenetic events that may lead to multiple genetic changes in tumor 
cells. Sporadic CRC following MIN pathway mainly develops in the proximal por-
tion of the colon.

5.4.1  �Methylator Pathway in Colorectal Cancer

Currently a subset of CRC can be distinguished by the status of methylation at sev-
eral promoter loci. This panel (marker promoters) takes advantage to classify cancers 
as CpG island methylator phenotype (CIMP+) or not (CIMP-), just like NIH micro-
satellite panel does to distinguish MSI status [15, 16]. Depending on the marker used, 
24–51% of CRCs belong to CIMP+ subtype. The first proposed CIMP panel includes 
promoter regions of MLH1, p16, MINT1, 2, and 31 [15]. CIMP+ CRCs are often 
developed in older women, with a predominance of proximal colon, high grade, and 
mucinous type. CIMP+ CRCs are associated with hypermethylation of many pro-
moters other than original five markers. Since CIMP CRCs frequently show pro-
moter methylation at MLH1, it is obvious that CIMP cancers share a similar phenotype 
with sporadic MSI-H. It is interesting that those CIMP+/MSS CRCs are associated 
with a worse prognosis, while MSI-H CRCs show better prognosis [17] (Fig. 5.1). 

MSS/CIMP(-)
CRC 
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MSS/CIMP(+)
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MSI-H/CIMP(+)
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Fig. 5.1  Traditional and serrated pathway of carcinogenesis in colorectal cancer. CIN chromosomal 
instability, MSS microsatellite stable, CIMP CpG island methylator phenotype, MIN microsatellite 
instability pathway, MSI, microsatellite instability, ACF aberrant crypt foci (Matsubara [7])
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The additional events regulating both prognosis and MLH1 methylation and, thus, 
MSI status are unclear. Not all researchers in this field have accepted the concept of 
CIMP. Over the past few years, there has been debate as to whether the CIMP tumors 
represent a biologically distinct subgroup of CRCs or an artificially selected group 
from a continuum of tumors showing different degrees of methylation at particular 
loci. Since original CIMP panel was inadequate to classify CRCs into well-defined 
subsets, an alternative panel of markers (CACNA1G, IGF2, NEUROG1, RUNX3, 
SOCS1) has been proposed [18]. By this new panel, CRCs distribute bimodal into 
new CIMP+ and new CIMP- cases, with an even close correlation between CRCs 
with new CIMP+ and CRCs with BRAF mutation. In other words, CRSs with new 
CIMP+ is almost the same as the sporadic CRC with MSI-H. We have shown that the 
degrees of promoter methylation at multiple loci in CRC are closely related to the 
mutational status of BRAF and KRAS. Since BRAF and KRAS mutations occur in a 
mutually exclusive manner, a pathway common to both is critical in developing can-
cers [19]. The RAS-RAF-MEK-ERK signaling pathway is important in apoptosis and 
particular in anoikis, the process of apoptosis following loss of the epithelial connec-
tion to the basement membrane. Failure of anoikis has an important role in develop-
ing hyperplastic polyps and serrated adenomas, which are the postulated precursors 
of CIMP+ colorectal cancers. BRAF and KRAS mutations interrupt the RAS-RAF-
MEK-ERK signaling pathway at different levels, impairing normal anoikis [20].

5.4.2  �Serrated Pathway

The hypothesis of the “serrated neoplasia pathway,” in which serrated polyps (ses-
sile serrated adenomas, hyperplastic polyps, serrated adenomas, and admixed pol-
yps) are the precursors of the sporadic MSI-H CRCs, is supported by the recent 
finding that 78% of sessile serrated adenomas exhibit BRAF mutation. Cancers from 
this pathway may begin as hyperplastic aberrant crypt foci (ACF), becoming right-
sided sessile serrated adenomas, and ultimately develop to MSI-H CRCs (Fig. 5.1). 
BRAF mutation and associated failure of anoikis may be important at least in the 
early stage of this pathway to form a serrated architecture. The methylator pathway 
is usually associated with BRAF mutation with or without promoter methylation of 
MLH1, resulting in MSI-H or MSS CRC, respectively [21]. It is interesting that 
there is an association between MGMT methylation and KRAS mutation in a subset 
of MSS/CIMP+ cancers. There may be an alternate methylator pathway, without 
BRAF mutation, but rather with the acquisition or maintenance of KRAS (G to A) 
mutation following and the result of the promoter methylation of MGMT (Fig. 5.1). 
It is possible that mutation of BRAF with or without promoter methylation of MLH1 
may define one methylator pathway, while the methylation of MGMT and KRAS 
mutation could characterize an “alternate methylator” subtype. The precursor 
lesions for these ultimately “KRAS mutant/MGMT-methylated” cancers may be 
adenoma partly being serrated polyp, but this is an area requiring for further 

N. Matsubara



87

research. Accordingly we proposed the four molecular carcinogenesis pathway of 
CRC (Fig. 5.1).

5.5  �Recent Molecular Classification After Next-Generation 
Sequencing Era

Gene expression-based subtyping is widely accepted as a relevant source of disease 
stratification [22]. After emergence of powerful next-generation sequencing, more 
comprehensive and precise genetic cross-nation analysis was made. Cancer Genome 
Atlas (TCGA) Research Network has reported integrated genome-wide studies of 
ten distinct malignancies including colon (COAD) and rectal (READ) adenocarci-
nomas (Cancer Genome Atlas Research Network, 2012), lung squamous cell carci-
noma (LUSC) (Cancer Genome Atlas Research Network, 2012), breast cancer 
(BRCA) (Cancer Genome Atlas Research Network, 2012), acute myelogenous leu-
kemia (AML) (Cancer Genome Atlas Research Network, 2013), endometrial cancer 
(UCEC) (Kandoth et al., 2013), renal cell carcinoma (KIRC) (Cancer Genome Atlas 
Research Network, 2013), and bladder urothelial adenocarcinoma (Cancer Genome 
Atlas Research Network, 2014) [22]. The subclassification is based on recurrent 
genetic and epigenetic alterations that converge on common pathways (e.g., p53 
and/or Rb checkpoint loss; RTK/RAS/MEK or RTK/PI3K/AKT activation). 
Meaningful differences in clinical behavior are often correlated with the single-
tissue tumor types, and, in a few case, single-tissue subtype identification has led to 
therapies that target the driving subtype-specific molecular alteration(s). EGFR 
mutant lung adenocarcinomas and ERBB2-amplified breast cancer are two well-
established examples [22]. Despite the widespread use, its translational and clinical 
utility is hampered by discrepant results, likely related to differences in data pro-
cessing and algorithms applied to diverse patient cohorts, sample preparation meth-
ods, and gene expression platforms. Attempt to elucidate intrinsic subtypes of CRC 
was made elsewhere [23]. Inspection of the published gene expression-based CRC 
classifications revealed only superficial similarities [24]. For example, all groups 
identified one tumor subtype enriched for microsatellite instability (MSI) and one 
subtype characterized by high expression of mesenchymal genes, but failed to 
achieve full consistency among the other subtypes [23].

5.6  �Chemotherapy and Treatment Response

Predictive and prognostic meaning of tumor location is not well understood. Such 
knowledge may shed light on interactions linking tumor location and treatment 
response and outcome that may guide personalized therapy. Notably, proximal-
sided tumors are more frequently characterized by a host of adverse prognostic 
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factors, including BRAF mutation positivity, MSI (prognostic in stage IV disease), 
hypermutation, serrated pathway signature positivity, and mucinous histology; con-
versely, distal-sided tumors more frequently possess gene expression profiles char-
acteristic of EFGR inhibitor-sensitive phenotype (i.e., EGFR/ERBB2 amplified, 
epiregulin high, and possessing classic chromosomal instability) [25]. The exis-
tence of six subtypes of CRC based on the combined analysis of gene expression 
profiles are suggested and differential response to cetuximab. These subtypes are 
phenotypically distinct in their DFS and vary in degree of response to cetuximab 
and standard-of-care chemotherapy. These CRC subtypes are associated with dis-
tinctive anatomical regions of the colon phenotype and with location-dependent 
differentiation states and Wnt signaling activity. Candidate biomarkers that might 
be developed into clinical qRT-PCR or immunohistochemical assays were identi-
fied to classify CRC tumors into one of six subtypes as a guide to assignment of 
subtype-specific therapeutic agents. With regard to first-line chemotherapy, particu-
lar subtypes might show beneficial responses to FOLFIRI in either adjuvant or 
metastatic settings, whereas in unselected CRC, this treatment did not improve sur-
vival in the adjuvant setting. Stemlike-subtype tumors, both in the adjuvant and 
metastatic settings, as well as inflammatory-subtype tumors in the adjuvant setting, 
may best be treated with FOLFIRI. Additionally, the transit-amplifying sub-sub-
types and the goblet-like subtype will probably not respond to FOLFIRI in the 
adjuvant setting. Watchful surveillance might spare patients with these forms of 
disease from the harmful side effects of debilitating and ineffective FOLFIRI treat-
ment. Moreover, and in contrast to the adjuvant setting, the CS-TA or CR-TA sub-
type might be effectively treated with cetuximab or a cMET inhibitor, respectively, 
in the metastatic setting [26]. These molecular differences manifest as differential 
clinical behavior, with right-sided tumors typically displaying worse prognosis. 
Nevertheless, primary tumor location has not traditionally been included as a strati-
fication criterion in clinical trials, and the influence of tumor location on respon-
siveness to particular therapies remains incompletely understood. However, primary 
tumor location could be an important prognostic factor in previously untreated 
metastatic CRC. Given the consistency across an exploratory set and two confirma-
tory phase III studies, side of tumor origin should be considered for stratification in 
randomized trials [27]. Primary tumor location and KRAS codon 12/13 mutational 
status interact on the outcome of patients with metastatic CRC receiving cetux-
imab- based first-line therapy. Distal-sided primary tumor location might be a pre-
dictor of cetuximab efficacy [28]. Also, retrospective analysis of the NCIC CTG 
CO.17 trial recently reported that tumor location was predictive of treatment bene-
fit. In this population of chemotherapy-refractory patients with KRAS wild-type 
metastatic CRC, adding cetuximab to best supportive care significantly benefitted 
patients with distal-sided tumors, but has limited benefit in patients with proximal-
sided tumors. Furthermore, a significant interaction was observed between tumor 
location and treatment for progression-free survival. Patients with a proximal-sided 
primary have more negative prognostic factors and indeed have inferior outcomes 
compared with those with a distal-sided primary [29]. In the RAS wild-type 
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population of CRYSTAL and FIRE-3, patients with distal-sided tumors had a mark-
edly better prognosis than those with proximal-sided tumors. First-line FOLFIRI 
plus cetuximab clearly benefitted patients with distal-sided tumors (vs FOLFIRI or 
FOLFIRI plus bevacizumab, respectively), whereas patients with proximal-sided 
tumors derived limited benefit from standard treatments [25]. Nibolumab (nivo) 
showed durable responses and disease control in heavily pretreated patients with 
dMMR/MSI-H metastatic CRC. Treatment was well tolerated, with no new safety 
signals (ASCO abstracts).

5.7  �Conclusions

At present CRC is understood as a genetic disease, and the attempt of advanced 
molecular classification is applied to the patients to accomplish personalized medi-
cine. In order to identify molecular classification, examination of several surrogate 
markers instead of going through precise genetic alterations is desired. CRCs 
located either proximal or distal to the splenic flexure of the colon have been con-
sidered as belonging to the different clinicopathological or physiological categories. 
Now tumor location in colorectum can possibly become an important surrogate 
marker to estimate prognosis and [6] to determine the treatment decision including 
selection of chemotherapy agents for CRC.
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Chapter 6
Evolving Immunotherapy Approaches 
for Hepatocellular Carcinoma

Ken Takahashi and Hiroyuki Marusawa

Abstract  Hepatocellular carcinoma (HCC) is a serious therapeutic challenge, 
with poor prognosis. Therapeutic options for HCC are limited, particularly for 
the patients at advanced stage who are not eligible for curative therapies such as 
radio-frequency ablation (RFA), hepatectomy, or hepatic transplantation. Thus, 
novel approaches are urgently needed for the treatment of this prevalent malig-
nancy. Recent advance in cancer immunotherapy such as immune checkpoint 
blockade has revolutionized the landscape of cancer therapy, and the efficacy of 
several classes of immunotherapy has been tested in clinical trials. The current 
issue reviewed the current status of immunotherapy for HCC as well as the 
unique tolerogenic character of liver immune system and the immune evasion 
mechanisms of HCC. Taking into the account of the immunosuppressive forces 
operating in the hepatic tumor microenvironment—combination therapies of 
different strategies might be encouraged for achieving optimal clinical 
outcome.

Keywords  liver cancer • cancer immunotherapy • cytotoxic T cell • PD-1 • 
CTLA-4

Abbreviations

ACT	 Adoptive cell transfer
AE	 Adverse event

K. Takahashi (*) • H. Marusawa
Department of Gastroenterology and Hepatology, Graduate School of Medicine, Kyoto 
University, Kyoto, Kyoto Prefecture 606-8501, Japan
e-mail: takaken@kuhp.kyoto-u.ac.jp; maru@kuhp.kyoto-u.ac.jp

mailto:takaken@kuhp.kyoto-u.ac.jp
mailto:maru@kuhp.kyoto-u.ac.jp


94

AFP	 α-Fetoprotein
ALT	 Alanine aminotransferase
APC	 Antigen-presenting cell
AST	 Aminotransferase
CAR	 Chimeric antigen receptor
CIK	 Cytokine-induced killer cell
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CTLA-4	 Cytotoxic T lymphocyte protein-4
DC	 Dendritic cell
DCR	 Disease control rate
DFS	 Disease-free survival
GITR	 Glucocorticoid-induced TNFR-related protein
GPC3	 Glypican-3
HBV	 Hepatitis B virus
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HCV	 Hepatitis C virus
IDO	 Indoleamine 2,3-dioxygenase
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KIR	 Killer inhibitory receptor
LAG3	 Lymphocyte-activation gene 3
LSEC	 Liver sinusoidal endothelial cell
MART-1	 Melanoma-associated antigen recognized by T cells-1
MDSC	 Myeloid-derived suppressor cell
MHC	 Major histocompatibility complex
OS	 Overall survival
PD-1	 Programmed cell death protein-1
PR	 Partial response rate
RECIST	 Response evaluation criteria in solid tumors
RFA	 Radio-frequency ablation
RFS	 Recurrence-free survival
TAA	 Tumor-associated antigens
TACE	 Transarterial chemoembolization
TAM	 Tumor-associated macrophage
TCR	 T cell receptor
TERT	 Telomerase reverse transcriptase
TGF-β	 Transforming growth factor-β
TIL	 Tumor-infiltrating lymphocyte
TIM-3	 T cell immunoglobulin and mucin-domain containing-3
Treg	 Regulatory T cell
TTP	 Time to progression
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6.1  �Introduction

HCC is the most common type of hepatic malignancies, accounting for approxi-
mately 85% of primary liver cancer and the leading cause of cancer-related death 
worldwide [1]. The main risk factor for HCC is hepatitis B virus (HBV) or hepatitis 
C virus (HCV) infection, which induces a chronic inflammation within the infected 
liver [2]. Alcohol consumption, obesity, and aflatoxin contact are also known as 
etiologic factors of HCC [3]. HCC patients at early stage benefit from curative 
therapies including percutaneous tumor ablation, surgical resection, and liver 
transplantation. For advanced stage patients, however, only limited options are 
available such as chemoembolization, radioembolization, or sorafenib, none of 
which is curative. Furthermore, the recurrence even after curative treatment is 
problematic. Therefore, there is an urgent need for developing new effective thera-
pies for HCC.

The field of cancer immunotherapy is rapidly evolving. In particular, immune 
checkpoint blockade therapy targeting immunosuppressive molecules that nega-
tively regulate T cell response has undoubtedly been one of the most impressive 
advancements in recent years. Cytotoxic T lymphocyte protein-4 (CTLA-4) and 
programmed cell death protein-1 (PD-1) are the most studied checkpoint molecules 
that induce T cell tolerance at priming phase and effector phase, respectively [4]. 
Great clinical achievements of antagonizing monoclonal antibodies to CTLA-4 and 
PD-1 in melanoma have clearly proved the potential of the immune system to eradi-
cate tumor cells, validating the concept of harnessing patient’s own immune system 
for controlling cancer [5]. In preclinical and clinical investigations, checkpoint 
blockade therapies are now intensively studied across a range of tumor types. In 
addition, there are other classes of cancer immunotherapy that include administra-
tion of agonistic antibody targeting co-stimulating molecule, cancer vaccine, adop-
tive cell transfer (ACT), and oncolytic virus [6]. Combinations of immunotherapies 
among themselves or with standards of care are expected to be the key approaches 
for the future cancer treatment.

For HCC that is characterized by metachronous multicentric occurrence, immu-
notherapy could be an appealing option, since it is capable of inducing systemic and 
durable anticancer response. However, most importantly to note is that the liver is 
an organ in which immune response is biased toward tolerance. This tolerogenic 
property of the liver is attributed to non-parenchymal liver cells such as resident 
dendritic cells (DCs), liver sinusoidal endothelial cells (LSECs), and Kupffer cells 
(KCs) as well as parenchymal hepatocytes [7]. Furthermore, HCC develops several 
mechanisms for escaping from host immune surveillance. Such additive immuno-
suppressive force in the HCC patients may represent a major impediment to effec-
tive antitumor immune response and thus must be counterbalanced when 
immunotherapeutic approaches are designed for HCC. In this review, we will dis-
cuss the unique immune characteristics of the liver, the interaction of HCC with 
immune system, and the current strategies for HCC immunotherapy, emphasizing 
on the importance of combination therapy.
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6.2  �The Liver as an Immunotolerant Organ

Because the liver is continuously exposed to abundant antigens contained in food 
and microbes from the intestine and produces metabolite-derived antigens, the liver 
has a unique immune environment that induces tolerance for preventing overactiva-
tion of immune response [7].

Different types of non-parenchymal cells are resident in the liver that promote 
tolerance through several mechanisms. LSECs function as cellular barrier between 
sinusoidal blood and hepatocytes. LSECs express pattern recognition receptors such 
as Toll-like receptors and class I and II major histocompatibility complex (MHC) 
molecules [8], functioning as antigen-presenting cells (APCs). However, low levels 
of CD80 and CD86 and high levels of PD-L1 expressed by LSECs limit their ability 
to effectively activate T cells [9]. Furthermore, IL-10 and TGF-β secreted by LSECs 
[10] also contribute to impairing CD8+ T cell activation. Thus, their main role in the 
liver seems to be the induction of T cell tolerance to maintain the immune homeo-
stasis against constant supply of food- or bacteria-derived molecules. KCs are resi-
dent macrophages in the liver that represent the largest population of tissue-resident 
macrophages in the body [11]. While KCs play an important role in pathogen clear-
ance [12], KCs induce immune tolerance under physiological conditions [13]. 
Exposure to lipopolysaccharide inhibits KCs to activate lymphocytes and stimulates 
KCs to secrete immunosuppressive cytokine IL-10 [14]. KCs also produce TGF-β 
[15] and prostaglandin E2, both of which can contribute to abrogating T cell activa-
tion [16] and preferentially expand regulatory T cells (Tregs), thereby inducing sys-
temic T cell tolerance [17]. Resident hepatic DCs capture antigens and function as 
APCs but appear to be less potent activator of T cells compared with their counter-
parts from other organs [18]. A unique cytokine environment where IL-10 and 
TGF-β are secreted by KCs and LSECs may contribute to the immature phenotypes 
of resident DCs [19]. IL-10 produced by hepatic DCs promotes a shift from Th1- to 
Th2-type response, thereby inhibiting cellular immunity that is required for tumor 
elimination and promoting the development of Tregs [20].

Besides these non-parenchymal cells that serve as APCs in the liver, hepatocytes 
and parenchymal cells accounting for about 80% of total liver cells also play a potential 
immunological role. Hepatocytes can directly interact with naïve T cells and present 
antigens to the T cell receptor (TCR) in the context of MHC molecule. Due to the lack 
of expression of co-stimulatory molecules such as CD80 and CD86, however, they 
induce an anergic phenotype in T cells [21]. All these features of the liver as an immu-
notolerant organ represent a barrier for the development of immunity against HCC.

6.3  �Immune Evasion Mechanisms of HCC

Multiple mechanisms of immune evasion have been identified in HCC. HCC tumor 
cells escape from the host’s immunosurveillance by silencing of tumor antigens or 
defect in expression of genes involved in antigen processing and presentation, both 
of which allow escape from cytotoxic T cell (CTL) killing [22, 23]. Furthermore, 
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HCC cells also escape from immunity by producing various immunosuppressive 
factors such as IL-10, TGF-β, indoleamine 2,3-dioxygenase (IDO), arginase, ade-
nosine, and immunoinhibitory checkpoint molecules [24].

In addition to tumor cells, several immune inhibitory stromal cells abundant in 
the tumor microenvironment also suppress effective antitumor T cell response. 
Tregs, characterized by the expression of CD25, CD4, and transcription factor 
FOXP3, physiologically play an essential role in inducing immunological self-
tolerance by suppressing self-reactive T cells [25]. Due to their immunosuppressive 
functions, Tregs impede immunosurveillance against cancers. Indeed, in HCC 
patients, the increased numbers of Tregs in peripheral blood and their marked infil-
tration in the tumor microenvironment have been reported, and importantly the 
number of tumor-infiltrating Tregs positively correlates with the poor prognosis 
[26]. Myeloid-derived suppressor cells (MDSCs) are immunosuppressive myeloid 
cells, with a variety of tumor-supportive effects. Increased numbers of MDSCs in 
the tumor specimen and peripheral blood from HCC patients have reportedly been 
associated with tumor progression [27, 28]. MDSCs suppress antitumor T cell 
responses by the increased arginase activity and the production of reactive oxygen 
and nitrogen species [29]. MDSCs promote induction and expansion of Tregs by 
IL-10 and TGF-β secretion. Tumor-supportive M2 macrophages characterized by 
low IL-12 and high IL-10 production are distinguished from M1 macrophages that 
produce high IL-12 and low IL-10 levels. HCC microenvironment biases toward 
M2 phenotype, the characteristic of tumor-associated macrophages (TAMs). In 
addition to their immunosuppressive functions, TAMs promote tumor progression 
by angiogenesis, tumor invasion, and metastasis [30]. Regarding immune check-
point molecules whose physiological role is controlling hyperactive immune 
response to pathogens or self, their expressions in the tumor microenvironment of 
HCC are dysregulated and result in the inhibition of antitumor effect by CTLs [31]. 
Among them, PD-1/PD-L1 axis is notably implicated in HCC and discussed in the 
separate section below.

6.4  �HCC Immunogenicity

As described above, the intrinsic tolerogenic nature of hepatic immunity and the 
immune evasion mechanisms operating in the tumor microenvironment appear to 
suppress the induction of effective antitumor immunity. Nonetheless, significant 
number of HCC shows spontaneous regression presumably by immune-mediated 
mechanisms [32]. There are several evidences that HCC is potentially immuno-
genic. HCC immunogenicity is suggested by the presence of tumor-infiltrating lym-
phocytes (TILs) [33]. The ratio of CTLs to Tregs in TILs is reportedly an independent 
prognostic factor of disease-free survival (DFS) and OS after surgical resection of 
HCC [34]. Another study demonstrated that tumor antigen-specific CD8+ T cells 
were detected in the peripheral blood of more than 50% of HCC patients and that 
the frequency and magnitude of their responses were associated with patient sur-
vival [35].
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All these observations suggest that HCC might be an attractive target for immu-
notherapy, if immune system is optimally stimulated or enhanced. In the following 
sections, I will discuss the current strategies for HCC immunotherapy that include 
checkpoint blockade, ACT, cancer vaccines, cytokine therapies, and combination 
therapies.

6.5  �Strategies for HCC Immunotherapy

6.5.1  �Immune Checkpoint Blockade

The intensity of an immune response is determined by the balance between stimula-
tory and inhibitory signals, known as immune checkpoints. The checkpoint mole-
cules can be activated by cancers, resulting in promoting tumor evasion from 
immunity. Among many investigated immune checkpoints, CTLA-4 and PD-1 are 
the most studied ones, and the dramatic success of checkpoint blockade therapy 
with antibodies against CTLA-4 and PD-1 in melanoma has revolutionized the field 
of cancer therapy [5].

6.5.1.1  �PD-1/PD-L1 Blockade

PD-1 is a negative co-stimulatory molecule that belongs to the CD28 superfamily. 
PD-1 is primarily expressed on T cells as well as B cells and monocytes. PD-L1 and 
PD-L2 are PD-1 ligands that belong to B7 co-stimulatory molecule family. PD-L1 
is expressed in APCs and non-lymphoid cells, including parenchymal cells, while 
PD-L2 is exclusively expressed in DCs and macrophages [4]. Upon ligand ligation, 
PD-1 transduces inhibitory signals for TCR, leading to the inhibition of T cell pro-
liferation and cytokine release. Although physiological role of PD-1 is suppressing 
hyperactive immune response and inducing peripheral tolerance, cancer cells utilize 
PD-1/PD-L1 system by expressing PD-L1 to activate PD-1 in TILs, thereby evading 
immunosurveillance [36]. PD-L1 is highly expressed in both HCC tumor cells and 
non-parenchymal APCs such as LSECs, KCs, and tumor-associated monocytes 
[37–39]. PD-L1 expression in clinical HCC samples reportedly ranges from 45% to 
100% [39–42]. Importantly, in the analysis of surgically resected HCC, the expres-
sion levels of PD-L1 were associated with shorter DFS [41], suggesting that PD-1/
PD-L1 axis critically participates in the immune evasion mechanisms of HCC.

Nivolumab is a human IgG4 monoclonal antibody targeting PD-1. A phase I/II 
clinical study for assessing safety and efficacy of nivolumab was conducted for 
either uninfected, HBV-infected, or HCV-infected HCC patients at advanced stage 
with excellent hepatic function [43]. The patients had history of pretreatment includ-
ing sorafenib. Treatment was tolerable. Grade 4 adverse event (AE) was only an 
elevated level of lipase. Grade 3 AEs of elevated aspartate aminotransferase (AST) 
and alanine aminotransferase (ALT) were observed in 11% and 9%, respectively, 
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none of which leads to serious hepatic failure or autoimmune hepatitis. The efficacy 
was promising. CR and an overall objective response rate were 5% and 19%, respec-
tively. OS rate at 12  months was 62%. Importantly, in some patients, durable 
responses more than 12  months were observed. Nivolumab showed an antiviral 
activity in some HCV-infected cases, while antitumor effect was observed regard-
less of the etiology (i.e., no infection, HBV and HCV infection). In the latter part of 
this clinical study, the safety and efficacy of the combination therapy of nivolumab 
and anti-CTLA-4 antibody (ipilimumab) will be investigated for the advanced HCC 
patients (NCT01658878).

Pembrolizumab (MK3475) is a humanized monoclonal IgG4 antibody against 
PD-1. A single-arm phase II trial of pembrolizumab for advanced, unresectable 
HCC is now planned. The primary objective is to assess the therapeutic efficacy and 
toxicity profile of pembrolizumab. In addition, the expression levels of PD-L1 in 
tumor tissue will also be evaluated in this study for elucidating which cases may 
benefit from anti-PD-1/PD-L1 therapy (NCT02658019). Another anti-PD-1 anti-
body pidilizumab (CT-011) was also evaluated in a phase I clinical trial but unfor-
tunately terminated due to slow accrual (NCT00966251).

PD-L1 blockade for HCC is also under investigation. Durvalumab (MEDI4736) 
is a human IgG1 monoclonal antibody to PD-L1. A phase I/II clinical study with 
durvalumab is recruiting patients and now ongoing for assessing the effectiveness 
and safety of durvalumab for advanced HCC. The preliminary results demonstrated 
that disease control rate (DCR) was 21% at 12  weeks, although there were no 
responders according to RECIST criteria. Durvalumab is tolerable with lower inci-
dence of hepatotoxicity than that observed in anti-CTLA-4 therapy for HCC 
patients [44].

6.5.1.2  �CTLA-4 Blockade

CTLA-4, also known as CD152, is the first negative co-stimulatory molecule identi-
fied that belongs to the CD28 superfamily [45]. CTLA-4 is rapidly induced in T 
cells upon T cell activation but not expressed on naive T cells. The ligands of 
CTLA-4 are co-stimulatory molecules CD80 and CD86 on APCs. CTLA-4 sup-
presses T cell activation by binding to CD80 and CD86 more avidly than CD28 that 
is required for T cell activation [46]. CTLA-4 is also constitutively expressed on 
Tregs. CTLA-4 on Tregs downregulates CD80 and CD86 on APCs and thus reduces 
the potency of APCs to prime naïve T cells, thereby controlling immunosuppressive 
function of Tregs [47]. Despite the encouraging results from clinical trial on HCC, 
only limited data are available regarding the mechanistic insights into anti-HCC 
effect induced by CTLA-4 blockade.

Tremelimumab is a fully human IgG2 monoclonal antibody against CTLA-4. A 
multicenter phase II noncontrolled clinical trial was conducted in 21 patients with 
advanced HCC and chronic HCV infection, and the promising results were recently 
reported [48]. Tremelimumab was administered every 90 days until tumor progres-
sion or severe toxicity. The antitumor effect was particularly encouraging. PR and 
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DCR were 17.6% and 76.4%, respectively. Median OS was 8.2 months, and median 
time to progression (TTP) was 6.5 months, which was favorable compared with 
historical controls. Overall good safety profile was recorded, although grade 3 and 
4 transaminase toxicity was observed in 45% of patients. This AE was reversible 
and did not progress to liver failure. Importantly, tremelimumab was demonstrated 
to have an antiviral activity, inducing a significant decrease in viral load, with 15% 
of the patients achieving sustained virological response. The antitumor and antiviral 
effect of tremelimumab might be advantageous for treating viral hepatitis-induced 
HCC. Another phase I/II clinical study with tremelimumab is currently ongoing to 
determine the effectiveness and safety of tremelimumab in combination with trans-
arterial chemoembolization (TACE) or RFA in advanced HCC.  The preliminary 
results were promising, demonstrating that the combination therapy was acceptably 
safe and effective, with TTP increasing up to 7.4 months [49].

6.5.1.3  �Other Checkpoint Targets

Although CTLA-4 and PD-1 are best characterized to date, other immune check-
point molecules such as LAG3 [50], TIM-3 [51], and KIR [52] can be targeted for 
enhancing T cell-mediated tumor killing. Although no data on HCC patients is as 
yet available, preclinical studies have demonstrated antitumor activity of LAG3 and 
TIM-3 [51, 53]. Alternatively, immunostimulatory molecules such as CD40, 
CD137, OX40, and GITR can also be targeted [54, 55], some of which have already 
shown antitumor activity in HCC animal models [56, 57]. The monoclonal antibod-
ies targeting these molecules are under development for clinical application in solid 
tumors ([58], NCT01471210, NCT01862900, NCT01239134), but the efficacy and 
safety in HCC remain to be elucidated.

6.5.2  �Immunotherapy Other Than Checkpoint Blockade

In addition to checkpoint blockade, there are several classes of immunotherapy 
strategies for HCC, including ACT, cancer vaccines, and cytokine therapy.

6.5.2.1  �ACT

ACT includes three types of cellular immunotherapy: cytokine-induced killer cells 
(CIKs), TILs, and genetically engineered T cells. CIKs are generated from periph-
eral blood mononuclear cells treated ex vivo with IFN-γ, IL-2, and anti-CD3 anti-
bodies. CIK cells are characterized by the expression of both CD3 T cell biomarker 
and CD56 NK cell biomarker [59]. CIKs exhibit potent cytolytic activity against a 
broad spectrum of tumor cells, independently of MHC restriction [60]. Among 
ACTs, CIK therapy has been most studied in HCC patients. Recent two 
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meta-analyses of CIK immunotherapy for HCC revealed a significant superiority in 
prolonged OS, PFS, or RFS [61, 62]. TILs obtained from surgically resected tumor 
tissues are ex vivo expanded and transferred back into the patients. Impressive com-
plete and durable response by TIL infusion therapy has been demonstrated in meta-
static melanoma [63, 64]. In HCC, the intratumoral density of TILs was reportedly 
correlated with tumor progression [34]. Preliminary results from a phase I clinical 
trial of autologous TIL therapy in HCC have shown the transient increase in the 
frequency of T cells without serious AEs after ACT and no evidence of disease in 
80% of enrolled patients after a median follow-up of 14 months [65]. The concept 
of genetically engineered T cell therapies is generating tumor antigen-specific T 
cells by the genetic transfer of antigen-specific TCRs. For this aim, either cloned 
physiological “MHC-restricted” TCR or “non-MHC-restricted” chimeric antigen 
receptor (CAR) is utilized. The use of these engineered T cells circumvents techni-
cal difficulties in isolation and expansion of TILs. In metastatic melanoma, the infu-
sion of T cells genetically modified to express TCR against tumor-specific antigen 
MART-1 resulted in the objective tumor regression in a substantial number of 
patients [66]. Despite no data on TCR-transgenic T cells directed against HCC-
specific antigen, Gehring et al. introduced HLA-A2-restricted HBV-specific TCRs 
into T cells of HBV-related HCC patients and demonstrated that TCR-redirected 
HBV-specific T cells recognized HCC cells with natural HBV DNA integration 
[67]. CAR essentially consists of ecto- and endo-domain. The former is a single-
chain variable fragment constructed from monoclonal antibody against defined 
tumor antigen, while the latter contains adaptor signaling protein CD3ζ and one or 
more co-stimulatory modules such as CD28, CD137, or OX40, thereby transmitting 
activation signals triggered by antigen recognition into the cells [68]. MHC 
restriction-independent direct antigen recognition by CAR-T cells circumvents not 
only the problem of MHC restriction inherent to TCR-transgenic T cells but also the 
tumor immune evasion mechanism of low expression of MHC antigens. In contrast 
to hematological malignancies, however, the efficacy and safety of CAR-T cells 
have not been confirmed in solid tumors [69–71]. Improvement of insufficient T cell 
migration into the tumor lesions and defining of the tumor-specific target would be 
crucial to elicit an effective immune response with minimal toxicities against solid 
tumors like HCC.

6.5.2.2  �Cancer Vaccines

Peptide-based vaccine and DC vaccine are the two main strategies of cancer vac-
cine. To develop effective peptide-based cancer vaccines, the choice of optimal anti-
gens is crucial. Cancer antigens are categorized into two classes: tumor-associated 
antigens (TAAs) and neo-antigens. While TAAs are shared antigens, neo-antigens 
are authentic “private” cancer-specific antigens originated from non-synonymous 
mutations in the tumors. All cancer vaccines for HCC tested so far have targeted 
TAAs such as α-fetoprotein (AFP), glypican-3 (GPC3), and telomerase reverse 
transcriptase (TERT). High-level expression of AFP in HCC makes it an ideal 

6  Evolving Immunotherapy Approaches for Hepatocellular Carcinoma



102

candidate for peptide vaccine. Increased frequencies of circulating AFP-specific T 
cells have been reported [72]. In an early clinical trial, vaccination with cocktail of 
four AFP-derived peptides with HLA-A2 restriction was tested in six HCC patients. 
The results showed that AFP-specific T cell response was observed in all patients 
[73]. GPC3 is another highly expressed antigen in HCC. A phase I trial showed that 
vaccination with GPC3 peptides restricted to HLA-A24 and HLA-A2 was found 
safe and induced specific CTLs in advanced HCC patients. OS was correlated with 
the frequency of peptide-specific CTL response, although objective tumor response 
was observed in only 1 patient among 33 treated patients [74]. Upregulation of 
telomerase expression and activity was reported in HCC [75, 76]. However, a phase 
II trial of TERT-derived peptide vaccine showed no clinical activity without peptide-
specific CTL response [77]. The design of neo-antigen vaccine is based on the 
whole exome data obtained by next-generation sequencing, combined with the fol-
lowing computational prediction of antigen presentation on individual HLA allelic 
variants. Neo-antigen-based vaccine enables fully personalized cancer immuno-
therapy [78]. Although it is at its infancy, it is beyond doubt that this strategy holds 
promise as the future cancer vaccine for HCC. DCs, the most potent APCs, play a 
central role in inducing antitumor CTL response. Indeed, the prognosis of HCC 
patients after surgical resection was associated with the frequency of infiltrated DCs 
in HCC nodules [79]. The therapeutic concept of DC vaccine is eliciting antitumor 
immune response by activating DCs ex vivo with tumor antigens and infusing them 
back into the patient. DC vaccines have been reported to be capable of not only 
inducing antigen-specific CTLs but also activating NK cells and inhibiting Tregs in 
HCC patients [80, 81]. Several DC vaccine clinical trials utilizing DCs pulsed with 
either autologous or tumor cell line-derived lysate have been conducted in advanced 
HCC patients. DC vaccines have proven to be safe. Unfortunately, however, most 
studies demonstrated only marginal clinical response [82–85]. Improvements such 
as combination with other therapeutic options might be needed for increasing the 
efficacy of DC vaccines.

6.5.2.3  �Oncolytic Virotherapy

Oncolytic virotherapy is an emerging therapeutic strategy [86]. JX-594 is a genetic 
engineered vaccinia virus that is designed to replicate selectively in the tumor cells. 
JX-594 causes virus replication-dependent oncolysis that results in the antigen 
release from dead cells and the subsequent induction of tumor-specific immunity. 
This immunostimulation can be further enhanced by the expression of GM-CSF 
transgene integrated in JX-594 [87]. A randomized phase II trial on JX-594 for 
advanced HCC has shown promising results [88]. Low- or high-dose JX-594 was 
intratumorally administered for two different groups. Both doses showed equivalent 
tumor regression in injected and distant non-injected tumors, while survival dura-
tion was significantly correlated with dose. Median survival was 14.1 months and 
6.7 months at high and low dose, respectively [88]. All patients experienced man-
ageable AE of flu-like symptoms. Further phase II or III clinical trials for evaluating 
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the efficacy of JX-594 on advanced HCC are currently underway (NCT01636284, 
NCT01171651, NCT02562755).

6.5.2.4  �Cytokine Therapy

Cytokine therapy could exhibit direct antitumor effect on HCC. Accordingly, inter-
feron (IFN) has been extensively studied in HCC, based on its immunomodulatory 
effect and experience in the treatment of viral hepatitis. However, the conflicting 
results from several randomized studies, together with its serious side effect, might 
not encourage the use of IFN for HCC immunotherapy at least currently.

6.6  �Combination Therapies

As described above, besides the intrinsic immunosuppressive microenvironment of 
the liver, HCC evades immune response by multiple mechanisms. To overcome 
these impediments, combination immunotherapy strategies would be an appealing 
approach for HCC.

Combination therapy using anti-PD-1 and anti-CTLA-4 antibodies [89] has been 
found to improve the objective clinical outcome in melanoma, albeit at the expense 
of high rates of immune-mediated AEs. As indicated before, clinical study for 
assessing the safety and efficacy of the combination therapy of nivolumab (anti-
PD-1 antibody) and ipilimumab (anti-CTLA-4 antibody) is underway for the 
advanced HCC patients (NCT01658878).

Alternative combination strategy includes the blockade of PD-1 (or CTLA-4) 
plus other immune checkpoint molecules. In animal model, the additive antitumor 
effect was observed by combinational inhibition of PD-1 and LAG-3 co-expressed 
on tumor-specific CD8+ T cells in the suppressive tumor microenvironment [90]. In 
a clinical setting, a phase I/II study of anti-KIR (lirilumab) in combination with 
nivolumab is now ongoing for advanced refractory solid tumors (NCT01714739). 
Combination of immune checkpoint blockade and activation of immunostimulatory 
molecules such as OX40 and CD137 would be theoretically another option. Indeed, 
administration of anti-PD-L1, anti-CD137, and anti-OX40 antibodies in a trans-
genic HCC mouse model was reported to show extended survival of treated mice in 
a CD8+ T cell-dependent manner [57]. A phase I/II clinical study of nivolumab in 
combination with urelumab (agonistic anti-CD137 antibody) is currently conducted 
for solid tumors and B-cell non-Hodgkin’s lymphoma (NCT02253992).

Combination of checkpoint inhibitors and cancer vaccination is also a reasonable 
approach. Sawada et al. reported that PD-1/PD-L1 blockade enhanced the antitumor 
effects of GPC3 peptide vaccine by increasing the immune response of vaccine-
induced CTLs. This study gives a rationale for the development of combination 
therapy of GPC3 vaccination and PD-1 blockade [91]. Another report demonstrated 
that the treatment of breast cancer-bearing mice with anti-PD-1 antibody and mul-
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tipeptide vaccine prolonged progression-free survival, associated with enhanced 
antigen reactivity of tumor-infiltrating CD8+ T cells [92]. Combination therapy of 
GM-CSF-based vaccines (GVAX) with ipilimumab (anti-CTLA-4 antibody) for 
advanced pancreatic cancer patients showed favorable antitumor effect compared 
with ipilimumab monotherapy [93]. Taken together, these results support the con-
cept of synergy between cancer vaccines and immune checkpoint blockade for 
tumor treatment.

Locoregional therapies such as TACE, RFA, and radiation that are widely applied 
as a standard care in HCC patients might be an ideal combination partner for immu-
notherapy, because they cause a release of tumor antigens, thereby triggering innate 
immune response leading to the activation of systemic antitumor immunity. A fore-
going study demonstrated the significant expansion and activation of AFP-specific 
CD4+ T cell against three immunodominant epitopes after embolization for HCC 
[94]. Importantly, higher frequencies of AFP-specific CD4+ T cells after emboliza-
tion were associated with higher degree of tumor necrosis and improved clinical 
outcome. Despite no available data on HCC, tumor ablation combined with immu-
notherapies has shown promising results in several preclinical studies [95]. CTLA-4 
blockade combined with cryoablation of a primary tumor was demonstrated to 
induce systemic antitumor immunity, thereby inhibiting the growth of secondary 
tumors at a distant site in a prostate cancer model [96]. Recently, Victor et al. dem-
onstrated that optimal response in melanoma and other cancer types requires radia-
tion and dual blockade of CTLA-4 and PD-L1/PD-1. In their mouse models, 
radiation enhances the diversity of the TCR repertoire, while anti-CTLA-4 pro-
motes expansion of T cells and anti-PD-1 reverses T cell exhaustion [97]. These 
results encourage the development of combination therapy with radiation and 
checkpoint inhibitors for HCC patients. As described in Sect. 5.1.2, a clinical study 
for assessing the efficacy and safety of tremelimumab in combination with locore-
gional therapies including TACE and RFA is underway for advanced 
HCC. Importantly, all evaluable patients showed immune cell infiltration in the out-
side lesions of TACE- or RFA-treated tumors, and in some cases partial objective 
response was achieved [49].

Systemic chemotherapy might also be combined with immunotherapy. The main 
effect of cancer chemotherapeutic agents is killing of tumor cells as well as other 
highly replicating cells such as immune cells. Therefore, they are generally consid-
ered as immunosuppressive agents. Contradictorily, however, they also potentially 
induce effective antitumor immunity: one mechanism is that they induce immuno-
genic cell death that causes tumor antigen release, resulting in the maturation of 
Th1-polarizing DCs that is required for the development of antitumor immunity 
[98]. In addition, some chemotherapeutic agents selectively kill immunosuppres-
sive cells such as MDSCs and Tregs in the tumor microenvironment [99]. 
Accordingly, the synergistic effect of peptide-based cancer vaccines combined with 
cisplatin and gemcitabine has been reported [100, 101]. In another study, adoptive 
transfer of CIK cells combined with gemcitabine has shown enhanced antitumor 
effect for the metastatic solid tumors [102]. As for HCC, the combination therapy of 
low-dose cyclophosphamide and telomerase vaccine was tested in a single clinical 
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study [77]. Although neither effective antitumor response nor prolonged TTP was 
unfortunately observed in this study, the combination of chemotherapeutic agents 
with other immunotherapy such as checkpoint inhibitors would be warranted in the 
future.

Finally, the combination of immunotherapy with sorafenib, a tyrosine kinase 
inhibitor that is approved in clinical use, might be an option, because sorafenib 
reportedly acts as a positive immunomodulator by enhancing the functions of 
tumor-specific effector T cells and NK cells [103, 104]. However, there are also 
conflicting data showing that sorafenib negatively impacts immune response by 
impairing DC function, upregulating intratumoral PD-1 expression, and recruiting 
Tregs [105, 106]. Thus, further careful evaluation is required to determine whether 
sorafenib can be an optimal partner for immunotherapy.

6.7  �Conclusions

HCC is a common cancer with a high mortality. The current standard treatment is 
unsatisfactory, and there is an urgent need for the development of novel therapeu-
tic approaches. Cancer immunotherapy has a bright future, and different immuno-
therapeutic modalities are rapidly under development, among which the use of 
monoclonal antibodies targeting immune checkpoint molecules holds a good 
promise. In case of HCC, however, it must be taken into account that the liver has 
an intrinsic tolerogenic immune environment and that HCC subverts antitumor 
immunity by multiple mechanisms. Therefore, the combination of checkpoint 
blockade with either other immunotherapeutic approaches or standard therapies 
of proven value would be a future trend in this field. Further studies including 
basic and clinical research are warranted to achieve successful immunotherapy 
for HCC.
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Chapter 7
Molecular Diagnosis and Targeting  
of Biliary Tract Cancer
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Abstract  Biliary tract cancer (BTC) is a highly aggressive malignant tumor arising 
from epithelial cells lining the bile duct and occurring at distinct anatomical loca-
tions: intrahepatic, extrahepatic, and the gallbladder. The incidence of BTC has 
increased globally; however, surgery is the only curative treatment, and no other 
effective therapies are available. Patients with BTC have a poor prognosis because 
most tumors are only detected at an advanced stage, making early diagnosis and 
treatment essential.

Recent developments in diagnosis and therapy for BTC, especially in the field of 
molecular biology, have resulted in better long-term survival rates, especially in 
patients undergoing curative resection at an early stage. This trend needs to continue 
to further improve prognosis in BTC patients. In addition, more effective molecular 
diagnosis and targeting therapies are needed to target essential biochemical and 
signaling pathways or mutant proteins that are required for tumor cell growth and 
survival. To this end, the field requires better molecular classification of BTC and 
more precise categorization of tumors with respect to prognosis such that clinicians 
can make more informed choices about surgical or nonsurgical therapies for indi-
vidual patients.
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This review focuses on the molecular diagnosis and targeting therapy for BTC in 
surgical and nonsurgical patients, as well as the special relationship between tumor 
behavior and anatomical specificity in this disease.

Keywords  Biliary tract cancer • Bile duct cancer • Gallbladder cancer • Molecular 
diagnosis • Molecular targeting therapy

7.1  �Introduction

Biliary tract cancer (BTC) comprises a group of highly aggressive malignant tumors 
with a poor prognosis because most patients are diagnosed at an advanced stage. 
Therefore, better approaches for the early diagnosis and treatment of BTC are 
essential for improving patient prognosis. Somatic mutations of KRAS and BRAF 
are the most common genetic alterations associated with BTC [1, 2]; however, no 
effective molecular targeted therapies have been approved. While surgery is the 
only curative treatment for BTC, more than half of all surgical patients have non-
curative resection with minimally invasive metastasis and positive resected margin 
due to unexpectedly advanced disease. In addition, no standard chemotherapy regi-
mens have been established for inoperative cases or those showing recurrence after 
surgical resection [2]; thus, 5-year overall survival rates for BTC after resection 
remain at 20–40% [3–5].

Recent developments in the diagnosis and treatment of BTC have improved 
long-term survival, especially in patients undergoing curative resection at an early 
stage [3, 4]; however, further research is warranted into better diagnostic and/or 
targeted therapeutic strategies, especially specific molecular approaches.

This review focuses on the molecular diagnosis and targeting therapy of BTC in 
surgical and nonsurgical patients.

7.2  �Classifications of Biliary Tract Cancer

Biliary tract cancer (BTC) comprises bile duct cancer (BDC) and gallbladder cancer 
(GBC) and is classified by the local site of malignancy. Twenty years ago, Nakeeb 
et al. [6] proposed that BDC could be classified as intrahepatic, perihilar, or distal 
(Table 7.1). More recently, a liver cancer study in Japan [7] found that intrahepatic 
BDC could be classified further macroscopically into mass-forming (MF), 
periductal-infiltrating (PI), and intraductal growth (IG) types.

In 2013, the Japanese Society of Hepato-Biliary-Pancreatic Surgery [8, 9] dem-
onstrated that the extrahepatic bile duct is divided into a perihilar bile duct (Bp) and 
distal bile duct (Bd) by a line dividing the duct equally between the upper margin of 
the common hepatic duct and the point where the common bile duct enters the wall 
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of the duodenum. This line is principally positioned at the origin of the cystic duct 
as a guide (Fig. 7.1) [3, 4, 9], and the proximal borders of the Bp, between the intra-
hepatic (Bh) and extrahepatic bile ducts, are defined using the portal system as a 
reference [8, 9]. The ducts of the left and right side borders are located topologically 
at the right side of the umbilical portion of the left portal vein and the left side of the 
origin of the right posterior portal vein, respectively (Fig. 7.2a) [3, 4, 9], as judged 
principally by computed tomography (CT). In cases with an independent right 

Table 7.1  Classifications of 
biliary tract cancer

Classification Subclassification

Intrahepatic bile duct cancer Mass forming (MF)
Periductal infiltrating (PI)
Intraductal growth (IG)

Extrahepatic bile duct cancer Perihilar bile duct (Bp)
Distal bile duct (Bd)

Gallbladder cancer Cystic duct (C)
Neck of gallbladder (Gn)
Body of gallbladder (Gb)
Fundus of gallbladder (Gf)

Bh
Bh

Bp

Bp

Bd

C

Gn
Gb

Gf

*

*Fig. 7.1  Portion of the 
extrahepatic bile ducts and 
gallbladder. Bd distal bile 
duct, Bh intrahepatic bile 
duct, Bp perihilar bile duct, 
C cystic duct, Gb body of 
gallbladder, Gf fundus of 
the gallbladder, Gn neck of 
the gallbladder (quoted 
from Reference No. ,[9])
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posterior portal vein branching from the main portal vein, the right side border is 
determined based on the length between the confluence of the left and right anterior 
portal veins and the right side of the umbilical portion of the left portal vein to the 
right side (Fig. 7.2b) [3, 4, 9]. Table 7.1 summarizes these classifications of BDC.

On the other hand, GBC is classified simply based on the following tumor loca-
tions: cystic duct (C), neck of gallbladder (Gn), body of gallbladder (Gb), and fun-
dus of gallbladder (Gf) (Fig. 7.1) [3, 4, 9].

7.3  �Molecular Diagnosis

Currently, the diagnosis of BTC relies mainly on imaging and intraoperative explo-
ration due to brush cytology having low sensitivity and the standard blood markers, 
such as carcinoembryonic antigen (CEA) and carbohydrate 19–9 (CA 19–9), having 
neither sufficient sensitivity nor specificity to be used for differential diagnosis and 
early-stage detection. Thus, better noninvasive methods are needed to distinguish 
between normal and pathological tissue in diagnosing BTC.

MicroRNAs (miRNAs) are small, single-stranded, noncoding RNA molecules 
ranging from 20 to 22 nucleotides that regulate physiological mechanisms and that 
have been implicated in carcinogenesis [10, 11]. Recent studies detected miRNAs 
in multiple body fluids, where they showed great stability, either as free entities or 
trapped in circulating microvesicles such as exosomes. miRNAs are ideal biomark-
ers for screening and predicting prognosis in BTC and for contributing to the clini-
cal decisions at different stages of cancer treatment. Consequently, progress in 
analyzing circulating miRNAs in serum, plasma, and bile could yield potential diag-
nostic and prognostic markers of BTC [12].

P point

a b

U point U point

Right
posterior

portal vein

Bile duct Bile ductPortal
vein

Portal
vein

Hepatic
artery

Hepatic
artery

Fig. 7.2  Definition of the perihilar bile duct (dotted lines). (a) A case with standard anatomy. (b) 
A case with an independent right posterior portal vein branching from the main portal vein. P 
point, origin of the right posterior portal vein; U point, umbilical portion of the left portal vein 
(quoted from Reference No. [9])
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7.3.1  �Bile Duct Cancer

Intrahepatic BDC has been associated with various gene activities, in particular 
KRAS mutations and overexpression of TP53. The type of mutation present seems 
related to different risk factors, such as hepatolithiasis and fluke infection associated 
with intrahepatic BDC. Moreover, macroscopic and histopathological characteris-
tics of intrahepatic BDC are associated with specific genetic changes, including 
KRAS mutation being significantly more frequent with PI-type compared with 
MF-type tumors. Recent studies also identified that different genes (BAP1, ARID1A, 
PBMR1, IDH1, and IDH2) are significantly downregulated in intrahepatic BDC 
compared to normal tissue, and mutations of these genes are related to survival in 
patients undergoing surgical resection [13].

A recent meta-analysis of 37 studies and 2371 patients identified a number of 
prognostic biomarkers for resected extrahepatic BDC, with the following nine bio-
markers predictive of overall survival (HR, 95% CI): VEGF (2.32, 1.57–3.44), 
COX-2 (1.94, 1.01–3.71), GLUT-1 (2.09, 1.52–2.89), cyclin D1 (1.96, 1.02–3.76), 
p16 (0.68, 0.47–0.98), p27 (0.48, 0.3–0.78), E-cadherin (0.47, 0.35–0.63), fascin 
(2.19, 1.35–3.55), and Ki-67 (1.69, 1.02–2.79) [14].

It was also recently suggested that distinct differences in genetic mutation pat-
terns exist between intrahepatic BDC and hepatocellular carcinoma (HCC) [15]. 
Whole-genome sequencing analysis revealed that the genome-wide substitution 
patterns of intrahepatic BDC developed in chronic hepatitis livers overlapped with 
those developed with HCC, whereas those of hepatitis-negative intrahepatic BDC 
diverged. In addition, hepatitis-positive patients with intrahepatic BDC showed 
more frequent TERT promoter and PBRM1 mutations compared with hepatitis-
negative patients, and the frequencies of KRAS and IDHs mutations, which are 
associated with poor disease-free survival, were significantly higher in hepatitis-
negative intrahepatic BDC [15]. In 2009, Lee et al. [16] reported that viral hepatitis-
associated intrahepatic BDC shares common disease processes with HCC, possibly 
because both arose from the same hepatic progenitor cells.

Taken together, these findings indicate that viral hepatitis-positive intrahepatic 
BDC shares similar biological behaviors with HCC and confirm the importance of 
therapeutic strategies in such patients including the selection of targeted drugs.

Interestingly, Churi et  al. [17] found significant genetic differences between 
intra- and extrahepatic BDC.  Namely, intra- and extrahepatic BDC differed in 
regard to the nature and frequency of specific genetic aberrations (GAs), with 
IDH1 and DNA repair gene alterations occurring more frequently in intrahepatic 
BDC, while ERBB2 GAs occurred in the extrahepatic BDC. Commonly occurring 
GAs in intrahepatic BDC were TP53 (35%), KRAS (24%), ARID1A (20%), IDH1 
(18%), MCL1 (16%), and PBRM1 (11%), and the most frequent GAs in extrahe-
patic BDC were TP53 (45%), KRAS (40%), ERBB2 (25%), SMAD4 (25%), 
FBXW7 (15%), and CDKN2A (15%). In intrahepatic BDC patients, KRAS, TP53, 
or MAPK/mTOR GAs were significantly associated with a worse prognosis, while 
FGFR GAs correlated with a relatively indolent disease course. IDH1 GAs did not 
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have any prognostic significance, while those in chromatin-modulating genes, 
BAP1 and PBRM1, were associated with bone metastases and worse survival in 
extrahepatic BDC.  Radiological responses and clinical benefit were noted in 
patients with BTC showing EGFR, FGFR, C-met, BRAF, and MEK inhibitors. 
Next-generation sequencing can potentially identify such disease subsets with dis-
tinct prognostic and therapeutic implications [17]. Another recent report [18] sug-
gested that IDH1/2 and BAP1 mutations were characteristic of intrahepatic BDC, 
while KRAS and TP53 were more frequent in extrahepatic BDC and gallbladder 
cancer (GBC).

In 2016, Ruzzenente et al. [19] used mutational gene profiling to identify differ-
ent gene mutations in distal BDC, perihilar BDC, and intrahepatic BDC. The most 
frequently mutated genes in distal BDC were KRAS (48%), TP53 (24%), and 
ARID1A (16%); in perihilar BDC, they were KRAS (22%), PBRM1 (17%), and 
PIK3CA (17%) and in intrahepatic BDC, IDH1 (17%), NRAS (17%), and BAP1 
(14%). The presence of mutations in ALK, IDH1, and TP53 genes was significantly 
associated with poor prognosis in patients with distal BDC, with mutations in TP53 
also significantly associated with poor prognosis in patients with perihilar BDC. The 
presence of mutations in ARID1A, PIK3C2G, STK11, TGFBR2, and TP53 genes 
was significantly associated with poor prognosis in patients with intrahepatic 
BDC.  Such prognostic specificity in gene alteration could be used to identify 
patients with poor prognosis after curative surgery that might benefit from tradi-
tional or targeted adjuvant treatments.

Mutations in genes involved in the phosphatidylinositide 3-kinase (PI3K) cell 
signaling pathway, including PI3CA, PTEN, and AKT1, have also been reported 
in BDC, as have mutations of previously identified hotspots in IDH1 and IDH2. 
Jiao et al. [20] also identified frequent mutations in previously reported hotspots 
of the IDH1 and IDH2 genes that encode metabolic enzymes in intrahepatic 
BDC.

Checkpoint blockades turn on a new paradigm shift in immunotherapy for can-
cer. Remarkable clinical efficacy, durable responses, and low toxicity of program 
death 1 (PD-1) and its ligand (PD-L1) have been observed in various malignancies 
[21]. The overexpression of PD-L1 is an important and widely explored predictive 
biomarker for a patient’s response to PD-1/PD-L1 antibodies; however PD-L1 
staining cannot be used to accurately select patients for PD-1/PD-L1 pathway 
blockade due to the low prediction accuracy and prevalent dynamic changes. Tumor-
infiltrating immune cells and molecules in the tumor microenvironment, along with 
PD-L1 expression, may also be important in predicting clinical benefits of PD-1/
PD-L1 checkpoint blockades, and challenges must be overcome in accurately iden-
tifying patients who will benefit from this exciting therapeutic approach [21]. 
Recently PD-1 and PD-L1 have been identified as potential therapeutic targets for 
BDC, when expression of PD-L1 was noted among a majority of patients with intra-
hepatic BDC and PD-L1 expression within the tumor front was associated with a 
60% decreased survival. Future clinical trials are necessary to assess the safety and 
efficacy of anti-PD-L1 therapies among patients with intrahepatic BDC and other 
BTCs [22].
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Judging from the abovementioned findings, the prognosis and carcinogenesis of 
BDC might depend on both the anatomical classification sites and the prevailing 
genetic mutations.

7.3.2  �Gallbladder Cancer

Gallbladder cancer (GBC) is associated with very high lethality, mainly due to the 
lack of symptoms until the tumor is in an advanced stage. As many as 80% of 
patients are diagnosed at very late stages of disease, allowing only palliative ther-
apy. As a result, most patients with GBC will die within 6 months of diagnosis, and 
the average 5-year survival does not exceed 5% [23].

Clinical data show that groups of patients with long-standing gallstone disease 
are at increased risk of developing gallbladder cancer [24]. Since excessive preven-
tative cholecystectomy is not a viable financial option for the healthcare system, a 
combination of risk assessment by genetic screening and analysis of biomarkers 
seems a feasible strategy to tackle this unmet need in the future. In light of the 
ever-decreasing cost of DNA sequence analysis, genetic screening is a stratification 
option with strong promise [23].

Recent studies indicate that alterations in miR-138 expression are associated 
with the development and progression of human tumors such as leukemia, nasopha-
ryngeal carcinoma, neuroblastoma, and lung cancer [25–27]. MiR-138 is frequently 
downregulated in different cancer types and has been implicated in the progression 
of tumorigenesis. In a GBC study, Ma et al. [28] reported MiR-138 downregulation 
in cancer cells compared to normal cells. This group also studied the biological 
effects of miR-138 and Bag-1 (Bcl-2-associated athanogene-1) on cell proliferation 
using 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide and apoptosis 
assays, finding that overexpression of miR-138 inhibited cell proliferation by 
directly suppressing the expression of Bag-1. These results provide the first evi-
dence that miR-138 plays an important role in inhibiting the growth of GBC [28].

There is scant data about genetic changes in GBC. KRAS gene mutations have 
been found in 39–59% of GBC cases, and 50–83% of KRAS gene mutations were 
identified in patients with an anomalous junction of the pancreatico-biliary duct, sug-
gesting that pancreatic juice reflux might contribute to the carcinogenic process.

TP53 gene mutations have also been reported in 35–92% of GBC patients, with 
two-thirds of such studies showing a frequency greater than 50% [29]. Analyses of 
exon 5–8 of TP53 demonstrated point mutations in 31–70% of GBC cases, but no 
particular “hotspot” has been identified [29, 30].

Shukla et al. [31] reported that telomerase activity was mainly concentrated in 
poorly differentiated adenocarcinomas (83%) and increased expression was present 
in the advanced stages. Telomerase activity is also a reliable marker for detecting 
tumor cells in postsurgical resection margins; thus, telomerase may serve as a 
molecular marker for the diagnosis of GBC and may have prognostic and therapeu-
tic implications for treatment strategies. Future studies may help to find a correla-
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tion between telomerase activity and tumor size, lymph node involvement, and 
stage.

Various studies suggested that genetic alterations in PIK3CA, KRAS, p53, p63, 
and p16 play a significant part in gallbladder carcinogenesis; thus, identifying such 
mutations in GBC patients might help in formulating a more effective and targeted 
approach for disease management [32]. In addition, activating mutations in PIK3CA 
were identified exclusively in GBC (12.5%) [33], which has clinical implications 
for both the diagnosis of GBC and targeted therapies such as PI3K inhibitors. GBC 
also has a high frequency of KRAS codon 12 mutation with poorer outcomes in 
resected stage II and III disease [34]. Kim et al. [35] demonstrated that p16, p63, 
and p53 can be used as prognostic markers in GBC, with p53 and p63 predicting a 
poor prognosis and p16 a favorable prognostic marker. TP53 and beta-catenin 
expression in GBC were also significantly higher compared to normal cells at 56% 
and 75%, respectively. TP53 expression correlates with increasing tumor grade, 
while beta-catenin nuclear expression correlates with tumor grade and depth of 
invasion, thus suggesting a role for these genes in tumor progression [36]. p16 is a 
cyclin-dependent kinase 4 inhibitor and is linked to the regulation of cell cycle in 
mammalian cells, with the genes encoding these inhibitors located at 9p21 [37]. The 
frequency of p16 gene mutations was observed in 31% of patients with GBC [37].

Inactivation of tumor suppressor genes involves different genetic mutational 
events that favor one allele and lead to allelic loss of the other alleles. This allelic 
loss is known as loss of heterozygosity (LOH) and can be detected by using micro-
satellite markers. Recent studies found a high incidence of LOH at several chromo-
somes in GBC, particularly on chromosomes 1p, 3p, 5q, 8p, 9p, 9q, 13q, 16q, and 
17p, which has been highlighted. LOH on 3p, 9p, 13q, 16q, and 17p was also 
detected in preneoplastic lesions and in the early phase of GBC during multistep 
carcinogenesis. Many chromosomal regions of LOH in GBC have important associ-
ated genes such as the following: 3p (incidence, 76–100%), 5q21 (66%), 8p21–23 
(100%), 13q14 (20–56%), 16q24 (61%), and 17p13 (42–91%) [38].

Retinoblastoma (Rb) gene was the first tumor suppressor protein to be discov-
ered in human Rb, and it is mutated in various types of cancer [39]. Xuan et al. [39] 
noted a reduced expression of the Rb and p27 genes and increased expression of 
p53, cyclin D1, Ki-67, and MSH2 in GBC, while expression of p53, Ki67, p27, and 
MSH2 correlated with clinical stage. Another novel finding is that Ki-67 and MSH2 
overexpression was more frequent in elderly patients with GBC (>65 years) and that 
expression of p27 was greater in males. Adenomas also showed reduced expression 
of Rb but increased expression of cyclin D1 [39].

The precise molecular abnormality and signaling mechanisms underlying neo-
plastic transformation in the gallbladder epithelium remain unclear. A better under-
standing of molecular events is therefore needed for improved early detection of 
GBC [40].

A systematic review and meta-analysis of 80 candidate gene variants and 173 
polymorphisms among 1046 cases of GBC and 2310 controls revealed that most 
studies regarding OGG1, TP53, CYP1A1, and GSTM1 were underpowered and 
they could not confirm previous association results upon meta-analysis [23, 41].
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Since gallstones represent a significant risk factor for GBC, the Lith genes pre-
disposing to gallstones represent important genetic risk factors. Several genes have 
been associated with the development of human gallstone disease, including APOE 
and APOB, cholesterol 7 α-hydroxylase, CCKAR, the low-density LRPAP1, and 
CETP [23]. Genome-wide association analyses and functional studies also identi-
fied the p.D19H variant of the hepatic cholesterol hemitransporter (ABCG8) as 
associated with susceptibility for human gallstones, and a similar Japanese study of 
GBC revealed a strong positive signal at rs7504990 within the DCC gene on chro-
mosome 18q21.3 [23].

Various association studies in different populations also confirmed a potential 
role for CYP1A1, which metabolizes estrogen and xenobiotics [23]. A meta-analysis 
of 268 studies examining the role of CYP1A1 polymorphisms in cancer susceptibil-
ity indicated the need for further investigating this polymorphism in GBC [23, 42]. 
The usefulness of stratification by presence or absence of gallstones was shown by 
Sharma et al. [43] when 410 GBC cases and 230 healthy controls were analyzed for 
an association of genetic variants in MMP-2, MMP-7, and MMP-9 and TIMP-2 
with gallbladder disease. Different associations were found in patients with or 
without accompanying gallstones, indicating differences in the genetic etiology 
between these entities. Unfortunately, no gallstone-bearing but cancer-free controls 
were available [23].

7.4  �Molecular Targeting Therapy

The incidence of BTC has been increased globally; however, no effective targeted 
molecular therapies are currently available. Nakamura et al. [44] characterized 260 
BTCs and uncovered spectra of genomic alterations that included new potential 
therapeutic targets. Gradient spectra of mutational signatures with a higher burden 
of the APOBEC-associated mutation signature were observed in GBC and extrahe-
patic BDC and were associated with APOBEC3B expression and higher mutation 
number, preferentially contributed to GBC rather than BDC and contributed to 
extrahepatic BDC more than to intrahepatic BDC.  Although APOBEC3B gene 
expression is broadly involved in the genesis of cancer genomes, intrinsic cellular 
and microenvironmental differences undoubtedly also contribute to mutational pro-
cesses in the biliary tract epithelium [45]. Thirty-two significantly altered genes, 
including ELF3, were identified, and nearly 40% of cases harbored targetable 
genetic alterations. Gene fusions involving FGFR2 and RKACA or PRKACB pref-
erentially occurred in intrahepatic and extrahepatic BDC, respectively, and the 
subtype-associated prevalence of actionable growth factor-mediated signals was 
noteworthy. The subgroup with the poorest prognosis had significant enrichment of 
hyper-mutated tumors and a characteristic elevation in the expression of immune 
checkpoint molecules. Accordingly, immune-modulating therapies might also be 
potentially promising options for these patients [44]. The organ-specific prevalence 
of targetable growth factor-mediated signaling pathways (FGFR in intrahepatic 
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BDC, PKA in extrahepatic and intrahepatic BDC, and EGFR and ERBB3 in GBC) 
is therefore clinically important [44].

Huch et  al. [46] showed that primary human bile duct cells can readily be 
expanded in vitro as bipotent stem cells into 3D organoids and that these cells dif-
ferentiate into functional hepatocytes upon transplantation. Extensive analysis of 
the genetic stability of cultured organoids in vitro demonstrated that the expanded 
cells preserve their genetic integrity over months in culture [46]. This report also 
suggested that activation of cAMP-dependent signaling is required for the immor-
talization of biliary tract epithelial cells and thus could present an encouraging new 
drug target.

Cancer development largely depends on the ability of mutant cells to hijack and 
exploit the normal physiological processes of the host. Each stage of cancer devel-
opment is exquisitely susceptible to regulation by immune cells (BOX 1). On the 
other hand, full activation of adaptive immune cells in response to the tumor might 
result in eradiation of malignant cells, and chronic activation of various types of 
innate immune cells in or around premalignant tissues might actually promote 
tumor development. Namely, there is a paradoxical relationship between innate and 
adaptive immune cells. Chronic inflammation by the host immune system, a key 
epidemiological basis for BTC, demonstrates two paradoxical roles during carcino-
genesis: antitumor activity and tumor promotion [47]. Cancer chemotherapies were 
initially identified through screens for compounds that kill rapidly dividing cells. 
These drugs remain the backbone of current treatment, but they are limited by a 
narrow therapeutic index, significant toxicities, and frequently acquired resistance. 
Gene expression profiling demonstrated that patients with the poorest prognosis 
(cluster 4) presented elevated expression of components of the host immune system 
but also counteracting ICM and antiapoptotic signatures, suggesting an immune 
environment “tailored” by the tumor cells. Targeting ICMs could be complementary 
to genotype-based molecular therapy against cancer, and immune-modulating ther-
apies could also be promising for BTC, depending on future proof of concept in the 
clinic [48].

Recent noteworthy topics regarding molecular targeting therapy of each BDC 
and GBC are herein described.

7.4.1  �Bile Duct Cancer

Somatic mutations of KRAS and BRAF are the most common genetic alterations in 
BDC. Surgical resection is the only curative treatment for BDC, and no standard 
chemotherapy regimens have been established for inoperative cases or those show-
ing recurrence after surgical resection.

Fibroblast growth factor receptor (FGFR) genes are involved in multiple biologi-
cal processes, ranging from cell transformation, angiogenesis, and tissue repair to 
embryonic development. Treatment with the FGFR kinase inhibitors BGJ398 and 
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PD173074 effectively suppressed transformation [2]. FGFR2 fusions occur in 
13.6% of intrahepatic BDC [2]. The expression pattern of these fusions in associa-
tion with sensitivity to FGFR inhibitors warrants a new molecular classification of 
BDC and suggests a new therapeutic approach [2].

Based on the specific relevant genomic alterations, tyrosine kinase inhibitors 
(TKIs) have been developed into effective therapies [49, 50]. Gu et al. [51] demon-
strated ROS tyrosine kinase as a promising therapeutic target and diagnostic molec-
ular marker in BDC.  By integrating genetic, epigenetic, proteomic, and 
phosphoproteomic information, we can begin to understand the pathogenesis of 
BDC and identify novel therapeutic targets [49]. It was shown that small-molecule 
FGFR inhibitors, BGJ398 and PD173074, efficiently blocked the downstream sig-
naling and oncogenic activity of intrahepatic BDC-specific FGFR2 fusions [2]. 
High-throughput cell line profiling has also revealed amplifications or mutations of 
FGFR genes in cancer cell lines able to predict sensitivity to the selective pan-FGFR 
inhibitor BGJ398 [52]. This drug is currently in a phase I study in patients with 
advanced solid tumors and FGFR1/2 amplification or FGFR3 mutation (Novartis, 
Basel, Switzerland; Clinical Trials. Gov identifier: NCT01004224). Cells harboring 
FGFR fusions showed enhanced sensitivity to the FGFR inhibitors PD173074 and 
pazopanib, suggesting that cancers with FGFR fusions might respond to targeted 
FGFR kinase inhibition [53]. These findings justify the clinical development of 
FGFR inhibitors in selected patients with cancer-harboring tumors and the identi-
fied predictors of sensitivity [52]. Clinical investigations akin to those conducted in 
other solid tumors with oncogenic fusion kinases are also warranted to examine the 
efficacy of FGFR inhibitors in treating a defined subset of BDC cases harboring 
FGFR2 fusions [2].

7.4.2  �Gallbladder Cancer

GBC is the most aggressive malignancy of the biliary tract and has the worst prog-
nosis. Improvement of GBC patient care requires better understanding of the bio-
logical signaling pathways and application of newly discovered drugs for cancer 
therapy.

Standard care for advanced GBC cases involves combination chemotherapy with 
gemcitabine and cisplatin, but this strategy has no significant impact on the median 
overall survival, which is less than 6 months after diagnosis. Long-term survival in 
the small proportion of cases is primarily seen in those detected incidentally during 
routine cholecystectomy for gallstones. A poor understanding of the molecular 
pathogenesis and aberrant signaling pathways involved and the effect of targeted 
therapeutic agents on this tumor type have hampered our ability to devise effective 
strategies to deal with this disease [54].

Li et al. [55] identified somatic mutations for GBC through a combination of 
exome sequencing and ultra-deep sequencing of cancer-related genes, revealing 
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those with a significant frequency of non-silent mutations including TP53 
(47%), KRAS (8%), and ERBB3 (12%). Moreover, ErbB signaling, including 
EGFR, ERBB2, ERBB3, ERBB4, and their downstream genes, is the most 
extensively mutated pathway, detected in 37% of the GBC samples, and multi-
variate analysis showed that these cases with ErbB pathway mutations had a 
worse outcome. These findings provide insight into the somatic mutational land-
scape in GBC and highlight both the key role of ErbB signaling in GBC patho-
genesis and the consequent potential for an effective therapeutic approach 
against GBC in future.

Somatic mutation analysis has become a useful tool in selecting personalized 
therapy for many solid tumors and yielded other new, broad-based molecular tech-
niques for molecularly profiling tumors to identify potential therapeutic targets. 
Voss et  al. [1] identified BTC as expressing BRAF, EGFR, MET, and 
PIK3CA. Although EGFR-targeted therapy on 42 BTC patients in a phase II study 
showed a partial response in only three patients, the benefits of vemurafenib, a next-
generation BRAF inhibitor, and multiple inhibitors targeting the MET pathway are 
expected to be revealed by future clinical trials [56]. A recent study identified 
PIK3CA-activating mutations in 13% of GBC, but no mutations in BDC [33]. 
Similarly, Reiner et al. [57] identified only one PIK3CA mutation in 11 intrahepatic 
BDC cases, although Xu et al. [58] identified PIK3CA mutations in 32% patients 
with BDC within the Chinese population. Therefore, it appears that PIK3CA muta-
tions are relatively rare yet present in a subset of BTC including GBC that could be 
responsive to novel PIK3CA-tageted therapies [1].

7.5  �Summary

At present, KRAS, BRAF, and circulating miRNA may be the most promising bio-
markers for the early detection of BTC.  Table  7.2 summarizes the anatomically 
specific biomarkers used for molecular diagnosis and targeting therapy in BTC. Such 
anatomical specificity, such as intrahepatic and extrahepatic BDC and GBC, is 
highly important because markers with such specificities are already available as 
shown in Table 7.2.

Clinically, finding a precise differential diagnosis between perihilar BTC and 
intrahepatic BTC based on PI type might be solved in the future with the further 
development of genetic targets akin to the anatomically specific markers. Based on 
current genomic data, further preclinical studies and clinical evaluations are 
expected to effectively determine the validity of these therapeutic targets in BTC.

The discovery of crucial molecular pathways that promote BTC growth and 
maintenance together with the development of drugs that specifically inhibit these 
pathways has ushered in a new era of BTC therapy.

In future, the molecular classification of BTC and the precise definition of cate-
gories based on prognosis will help clinicians select patients for surgical or nonsur-
gical therapies.
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Chapter 8
Molecular Analysis for Therapeutic  
Targets of Pancreatic Cancer

Shinji Tanaka

Abstract  Pancreatic cancer is one of the most lethal malignancies in humans and 
still remains a challenging problem in targeted therapy compared to other malignan-
cies. Accumulation of multiple molecular abnormalities is required for generation 
and progression of cancers, and one of the malignant hallmarks is the dependency 
on the abnormalities in cancer and host cells. Disruption of such addiction should 
cause specifically the cancer cell death, indicating a feasible rationale for molecular 
targeted therapy. Recent whole genomic, epigenomic, and transcriptomic studies 
identified four molecular subtypes of pancreatic cancer in respect to the cell lin-
eages and signatures: (1) aberrantly differentiated endocrine exocrine subtype with 
KRAS signal network, (2) squamous trans-differentiation subtype with TP53 and 
KDM6A mutations, (3) immunogenic subtype with T-/B-cell signatures, and (4) 
pancreatic progenitor subtype with stemness identity. Based on the subtype classifi-
cation, this review summarizes the molecular pathogenesis and therapeutic targets 
of pancreatic cancer. The subtype-directed precision medicine might be a promising 
strategy to treat the pancreatic cancer in the perspective of oncogenic and epigenetic 
pathways as well as immune regulatory checkpoints and stem cell fates.
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8.1  �Introduction

Mature pancreas is mainly comprised of three distinct tissue populations: exocrine, 
endocrine, and ductal cell types [1]. In pancreatic development, the specific bud 
within the posterior foregut region of the definitive endoderm is first indicated by 
expression of PDX1 transcription factor that marks the progenitors of all cell lin-
eages of the pancreas including exocrine acinar, endocrine islet, and ductal types 
(Fig.  8.1). Under oncogenic stress in acinar cells, upregulation of transcription 
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Fig. 8.1  Cell lineages of the pancreatic organ. Pancreas specification within the foregut endoderm 
is first indicated by expression of PDX1 transcription factor, marking the progenitors of all exo-
crine, endocrine, and ductal cell types [1]. Correct reprogramming and specific differentiation dur-
ing pancreatic ectodermal development require H3K27 demethylase KDM6A. As the embryonic 
organ grows, multipotent progenitor cells also express Ptf1a transcription factor. These progenitors 
are later segregated into specific sub-lineages, prior to differentiation. Exocrine acinar cells arise 
from precursors that express high levels of Ptf1a and Mist1 transcription factors, while endocrine 
islet cells arise from precursors that transiently express NeuroD transcription factor. Function of 
Hnf6 transcription factor might be restricted to the distinct ductal lineage. Acinar-to-ductal metapla-
sia with reprogramming is promoted by PDX1 and Sox9 but inhibited by Mist1 transcription factor 
that maintains stable acinar differentiation [2]. Ductal dedifferentiation/retrogression is associated 
with downregulation of Sox9 transcription factor that stabilizes the mature ductal cell identity [3]
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factors PDX1 and Sox9 promotes ductal reprogramming, namely, acinar-to-ductal 
metaplasia (ADM) [2]. The ductal reprogramming of acinar cells is inhibited by 
Mist1 transcription factor that maintains stable acinar differentiation. In contrast, 
dedifferentiation/retrogression of ductal cells is associated with downregulation of 
Sox9 transcription factor. The ductal retrogression might be inhibited by Sox9 
expression that stabilizes the mature ductal cell identity [3]. Either ADM or ductal 
retrogression initiates the distinct pancreatic precancerous lesions causing ductal 
adenocarcinomas [2].

Pancreatic ductal adenocarcinoma is the most common malignancy of the pan-
creas (approximately 90%) and usually referred to as “pancreatic cancer” in general 
[4]. Pancreatic cancer is one of the leading causes of cancer deaths, and the inci-
dence is still increasing in the United States, European countries, and Japan. Five-
year survival is approximately 5% in the patients diagnosed with pancreatic ductal 
adenocarcinoma, and such poor prognosis has remained virtually unaltered in the 
past decades. Recent studies on cancer genomics and transcriptomics are revolu-
tionizing the understanding of pancreatic carcinogenesis [3], and subtype-specific 
therapy which specifically targets the molecular abnormalities emerged to be a 
novel approach for the innovative and effective medical treatment [5]. In order to 
fulfill this promise, there is an urgent need to cluster the molecular subtypes and 
identify the individual optimal targets utilized for radical treatment of the pancreatic 
cancer. The sharpshooting strategy for the addictive molecule(s) in each subtype has 
led to understating pancreatic carcinogenesis and progression, leading to a precision 
medicine approach for treating pancreatic cancer.

8.2  �Molecular Subtypes of Pancreatic Cancer

Pancreatic ductal adenocarcinoma arises usually from a spectrum of preneoplastic 
lesions with ductal morphology, so-called pancreatic intraepithelial neoplasias 
(PanINs) that might be derived from ADMs [5]. Accumulation of genetic alterations 
is associated with the histological progression from PanIN-1 (hyperplasia) through 
PanIN-2 (atypia) and PanIN-3 (carcinoma in situ) to invasive ductal adenocarci-
noma (Fig. 8.2). Genetic sequencing revealed mutations in KRAS (95%), CDKN2A/
P16 (>90%), TP53 (75%), and SMAD4 (55%) are commonly detected in pancreatic 
ductal adenocarcinoma [6]. KRAS mutations occur as the earliest genetic abnor-
malities, even in PanIN-1 lesions, whereas inactivation of TP53 and SMAD4 is 
detected in PanIN-3 lesions and invasive carcinomas. Similar PanIN-mimic lesions 
are developed in genetically engineered mouse models carrying a mutant KRAS 
gene expressed under the pancreas-specific promoter of PDX1 gene (Fig. 8.1) [7]. 
In combination with KRAS mutation, either CDKN2A or TP53 mutation leads to the 
frequent development of pancreatic ductal adenocarcinoma in the mouse models 
[7]. Whole genome/exome sequencing analysis recently revealed a SWI/SNF 
chromatin-remodeling complex as another candidate of the major driver mutations 
in pancreatic cancer [8] (Fig. 8.3). Approximately 34% of pancreatic ductal adeno-
carcinoma carries genomic aberrations in the SWI/SNF subunits such as ARID1A, 
ARID1B, ARID2, PBRM1, and BRG1 [8, 9]. BRG1 is one of the core SWI/SNF 
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enzymatic subunits that function as ATP-dependent helicase to disrupt histone-
DNA contacts to create a loop of DNA. Loss of BRG1 cooperated with oncogenic 
KRAS formed intraductal papillary mucinous neoplasm (IPMN), another type of 
preneoplastic lesions possibly derived from the ductal retrogression and then pro-
gressed to pancreatic ductal adenocarcinoma in the conditional knockout mouse 
model, indicating the tumor suppressor function of BRG1 [10].
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More recently, integrated genomic, epigenomic, and transcriptomic analyses 
identified that four molecular subtypes exist in human pancreatic adenocarcinoma 
[11], using bulk tumor tissues for clustering to better understand the transcriptional 
networks and molecular mechanisms that underpin the tumor microenvironment. 
They named these subtypes as (1) aberrantly differentiated endocrine exocrine 
(ADEX), (2) squamous trans-differentiation, (3) immunogenic, and (4) pancreatic 
progenitor subtypes on the basis of the differential expression of transcription fac-
tors and downstream targets important in lineage specification and differentiation 
during pancreas development and regeneration (Fig. 8.1). Noteworthy, squamous 
subtype is an independent poor prognostic factor. These four subtypes are histologi-
cally associated with specific characteristics: (1) ADEX with rare acinar cell carci-
nomas, (2) squamous trans-differentiation with adenosquamous carcinomas, (3) 
immunogenic, and (4) pancreatic progenitor with mucinous non-cystic adenocarci-
nomas and carcinomas arising from IPMN.

8.3  �ADEX Subtype: KRAS Signal Network

The ADEX subtype is defined by transcriptional networks that are important in later 
stages of pancreatic development and differentiation [11]. Transcriptional networks 
that characterize both exocrine and endocrine lineages at later stages are upregu-
lated. The key networks identified include upregulation of (1) Mist1 transcription 
factor and the downstream targets that are important in acinar cell differentiation 
and (2) NeuroD/Nkx transcription factors associated with endocrine differentiation 
(Fig. 8.1). The methylation pattern of ADEX tumors was distinct from the normal 
pancreas and clustered with other subtypes of pancreatic cancer. More important, 
ADEX tumors displayed upregulation of genes that regulate networks involved in 
KRAS activation.

KRAS signaling is activated from the downstream of receptor-type tyrosine 
kinases such as EGFR (Fig. 8.5). It is of interest that EGFR overexpression is fre-
quently detected in KRAS-mutant pancreatic ductal adenocarcinoma in clinical 
human samples as well as mouse models [12]. Paradoxically, EGFR is revealed to 
be required for mutated KRAS-driven pancreatic tumorigenesis in the genetically 
engineered mice [12, 13]. Erlotinib (Tarceva, OSI774) is an oral tyrosine kinase 
inhibitor and selectively suppresses EGFR tyrosine kinase. A phase III clinical trial 
for erlotinib-gemcitabine demonstrated a significant synergistic effect of the combi-
nation with an HR of 0.82 (95%CI 0.69–0.99; p  =  0.038) [14]. Although the 
erlotinib-gemcitabine arm showed a minimal 2 weeks increase in MST (6.24 months) 
compared with the gemcitabine-single arm (5.91 months), erlotinib is the first and 
only molecular-targeting agent with a statistical effect for pancreatic ductal adeno-
carcinoma. The activated EGFR tyrosine kinase stimulated Grb2-SOS complex, 
leading to activation of Ras that is farnesylated and then localized under the cellular 
membrane. Tipifarnib (R115777), a farnesyl transferase inhibitor, was applied for 
clinical trials of pancreatic ductal adenocarcinoma, resulting in no statistical 
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significance (p = 0.75) [15]. Activated form of Ras stimulates Raf serine-threonine 
kinase and then phosphorylates MEK kinases which finally activate Erk 1/2 of 
MAPK family activating intranuclear transcription factors. To date, sorafenib 
(Nexavar) targeting Raf kinase as well as MEK kinase inhibitors, selumetinib 
(AZD6244), and trametinib (Mekinis, GSK1120212) were evaluated for pancreatic 
duct adenocarcinoma as gemcitabine combination therapy, but no clinical benefit 
has been reported in the clinical trials [5, 16].

Along with Ras pathways, other downstream signals also play a critical role 
in pancreatic carcinogenesis, such as PI3K, STAT, and Grb7 (Fig. 8.5). We have 
cloned human Grb7 as a cell migration gene in cancer cells and reported a pre-
clinical study of Grb7 peptide inhibitor targeting pancreatic cancer metastasis 
[17]. PI3K phosphorylates PIP2 to generate PIP3 transducing PDK which in 
turn activates Akt and then mTOR. A serine-threonine kinase mTOR stimulates 
the phosphorylation of p70 ribosomal protein S6 K and 4E-BP1/eIF4E pathway 
activating the ribosomal translation to amino acids. In addition, mTOR regulates 
lysosomal autophagy pathways, derived from amino acid deprivation. 
Everolimus (Afinitor, RAD001), an inhibitor of mTOR, was applied for phase II 
clinical trials of pancreatic ductal adenocarcinoma but neither CR nor PR 
obtained [18]. Since abnormalities of signaling pathways should play essential 
roles in pancreatic cancer progression, further studies including other signals 
should be enforced.

8.4  �Squamous Trans-Differentiation Subtype:  
TP53 and KDM6A

The pancreatic squamous trans-differentiation subtype is associated with gene pro-
grams highly expressed in squamous-like class of tumors of breast, bladder, lung, 
and head and neck cancer defined in the TCGA pan-cancer studies (Fig.  8.4), 
including N-terminally truncated variant TP63 (TP63∆N) and its target genes fre-
quently upregulated in other squamous cell carcinomas [11]. Interestingly, the squa-
mous trans-differentiation subtype shows hypermethylation and concordant 
downregulation of genes that govern pancreatic endodermal cell-fate determination 
(PDX1, HNF1B, MNX1, GATA6) leading to a complete loss of endodermal iden-
tity (Fig.  8.1). As in these other cancer types, the pancreatic squamous trans-
differentiation subtype was associated with mutations in TP53 (P  =  0.01) and 
KDM6A (P = 0.02). In the presence of TP53 mutations, TP63∆N is known to regu-
late epithelial cell plasticity, tumorigenicity, and epithelial to mesenchymal transi-
tion in a variety of solid tumors [19]. Transcriptional network analysis identified 
additional key factors involved in metastasis that were upregulated in the squamous 
trans-differentiation subtype. Indeed, the squamous trans-differentiation subtype 
was an independent poor prognostic factor. TP63∆N network cooperating with 
TP53 mutations is one of the therapeutic targets in this subtype of pancreatic 
cancer.
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KDM6A (UTX) is a histone demethylase that specifically targets di- and tri-
methyl groups on lysine 27 of histone H3 (H3K27me2/3) (Fig. 8.6). KDM6A has 
been proven essential during pancreatic ectodermal development (Fig.  8.1), as 
demethylation status of H3K27 is critically required for correct reprogramming and 
specific differentiation [20]. Its catalytic activity has been linked to regulation of 
endodermal transcriptional networks, and loss-of-function mutations in KDM6A 
might deprive the endodermal identity. In contrast, the deletion of EZH2 H3K27me3 
methyltransferase at the pancreas progenitor stage enhanced the production of 
endocrine progenitors [21]. These studies reveal distinct dynamics in H3K27me3 
targets in  vivo and a means to modulate pancreatic cell development from stem 
cells. Since there are several EZH2-specific inhibitors developed for clinical trials 
in other malignancies (tazemetostat; NCT01897571), the regulation of H3K27me3 
to correct the cell fate might be a promising tool for treatment of the squamous 
trans-differentiation subtype in pancreatic cancer. In addition, an H3K27me2/3 
demethylase-independent function for KDM6A was uncovered in promoting gen-
eral chromatin remodeling in concert with the SWI/SNF complex [22]. Further 
studies are required on the histone and chromatin regulators as the therapeutic tar-
gets for pancreatic cancer from the perspective of synthetic lethality [23].

8.5  �Immunogenic Subtype: Treg and Checkpoint

The immunogenic subtype of pancreatic cancer is associated with gene expression 
programs including B- and T-cell signatures, with both cytotoxic (CD8 + CTL) and 
regulatory T cells (CD4 + CD25 + FOXP3 + Treg) [11]. It showed evidence of a 
significant immune infiltrate, and the pathway analysis demonstrated enrichment 
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Fig. 8.6  Histone modifications in transcriptional regulation. KDM6A histone demethylase acts as 
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for mediators of immunosuppressive tumor microenvironment including tumor-
associated M2 macrophages, stellate cells, and cancer-associated fibroblasts (CAFs) 
that contribute to synthesize dense desmoplastic stroma. In addition, intra-tumor 
immunity could be attenuated by Treg cells (Fig. 8.7). Treg is an immunosuppres-
sive T-cell subpopulation which suppresses induction and proliferation of effector 
CTL by secreting IL-10 and TGF-β [24]. Studies in clinical samples have impli-
cated that high numbers of Tregs in the tumor microenvironment are indicative of a 
poor prognosis [24]. Treg cells in the tumor microenvironment predominantly 
express CCR4, and the pancreatic cancer cells produce high levels of the CCR4 
ligand, CCL22 [25]. In vivo or in vitro anti-CCR4 antibody treatment selectively 
depleted effector Treg cells and efficiently induced tumor-antigen-specific CD4+ 
and CD8+ T cells [25]. Anti-CCR4 antibody therapy is promising for evoking and 
enhancing tumor immunity by selectively depleting effector-type Treg cells.

The immunogenic subtype shows evidence of a significant immune infiltrate, 
and the predominant gene expression profiles are related not only to antigen pro-
cessing and presentation but also to upregulation of CTLA-4 and PD-1 immune 
checkpoints essential for tumor immunosuppression pathways (Fig. 8.7). A new era 
is coming up by blockading the acquired immune checkpoint axis via CTLA-4 and 
PD-1/PD-L1 as an emerging target in the cancer treatment [26, 27]. Unfortunately, 
the novel checkpoint immunotherapy has achieved limited clinical benefit to date in 
patients with pancreatic ductal adenocarcinoma [28, 29]. Critical obstacles to 
immunotherapy in pancreatic cancer include the presence of a uniquely immuno-
suppressive tumor microenvironment. Feig et al. reported that chemokine CXCL12 
secreted by CAFs functions as a barrier to CTL infiltration in pancreatic cancer 
[30]. Administering the CXCL12 receptor inhibitor induced rapid CTL accumula-
tion among cancer cells and acted synergistically with α-PD-L1 to greatly diminish 
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cancer cells. Another recent study revealed the CXCL12-secreting CAFs are posi-
tively controlled by hyperactivated focal adhesion kinase (FAK) activity in pancre-
atic cancer cells [31]. A selective FAK inhibitor markedly reduced stromal fibrosis 
and substantially limited tumor progression. FAK inhibition rendered the previously 
unresponsive pancreatic cancer responsive to T-cell immunotherapy and PD-1 
antagonists in the mouse model. These investigations suggest that inhibition of stro-
mal CAFs increases immune surveillance by overcoming the fibrotic and immuno-
suppressive microenvironment and renders tumors responsive to immunotherapy 
[30, 31]. On the contrary, the other studies demonstrated that targeting the stroma 
resulted in undifferentiated, aggressive pancreatic cancer that responds to Treg 
blockade, uncovering another side of protective role by tumor stoma [32, 33]. More 
recent report by Honjo’s group elucidated a distinct role of checkpoint PD-1 and 
Treg-FoxP3  in maintaining the pancreatic immunosuppressive microenvironment 
[34]. Given the complexity of the stroma and associated immunocytes, further 
investigations are required to more clearly define detrimental and beneficial aspects 
of niche biology in pancreatic cancer stroma and immune systems.

8.6  �Pancreatic Progenitor Subtype: Cancer 
Stemness Identity

The pancreatic progenitor subtype is defined primarily by the transcriptional net-
works containing transcription factors PDX1, HES1, HNF1, HNF4, and MNX1 
[11]. These transcription factors are pivotal for pancreatic endoderm cell-fate deter-
mination toward a pancreatic lineage. PDX1, in particular, is critical for pancreas 
development with ductal, exocrine, and endocrine cells all derived from embryonic 
progenitor/stem cells (Fig. 8.1) [35]. Progenitor/stemlike cancer cells have the abil-
ity for self-renewal and multi-potency to hierarchically organize the bulk with 
respect to tumor initiation and maintenance [5]. The so-called cancer stem cells 
(CSCs) lying at the apex of the hierarchy are intrinsically resistant to chemothera-
peutic agents and function as a source to metastasizing and relapsing. Since CSCs 
might play a fundamental role in these awful malignant behaviors, investigations of 
the molecular targets of CSCs may reveal particularly effective therapeutic 
approaches [36].

“Self-renewal” is theoretically based on asymmetric divisions of stem cells that 
give rise to one cell of the stem cell potency and another stimulated to differentiate 
further into non-stem cell types [37]. In essence, stemness identity is maintained by 
a quiescent dormancy that is critical for protecting the stem cell components from 
various types of biological stress in vivo [38]. As of pancreatic CSCs, the subpopu-
lations of CD44+CD24+EpCAM+ [39], c-MethighCD44+ [40], CD133+CXCR4+ [41], 
and ALDHhighCD44+CD24+ [42] have been reported. By use of these multiple stem-
ness markers, however, even highly purified CSCs might divide in an asymmetric 
manner and rapidly reconstruct mixed populations with their differentiated progeny 
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in the hierarchical fashion. The majority of bulk cancer cells become eventually 
occupied by non-CSCs dividing rapidly in a symmetric manner. Therefore, the 
validity of current studies remains unsatisfying in terms of evaluating molecular 
targets to pinpoint CSCs themselves [43].

One sophisticated solution to such a dilemma might be a monitoring system 
based on CSC-specific functions [44]. Dormant CSCs as well as normal stem cells 
are generally quiescent with low protein turnover [45], reduced metabolism [46], 
and downregulation of proteasome activity [47, 48]. In our recent studies, the 
proteasome-independent character of the dormant stem cell fate was utilized for 
fluorescent visualization of CSC subpopulations in human pancreatic cancer [49] 
as well as liver [50] and colorectal cancer cells [51]. Endogenous proteasome 
activity can be monitored in real time by green fluorescence-labeled degron motif 
that is known to be directly recognized by 26S proteasome [52], which leads to 
the immediate destruction of the involved protein [47]. Strikingly, this system to 
distinguish CSCs from non-CSCs demonstrated asymmetric cell division 
(Fig. 8.8a) and “self-renewal” sphere formation in a real-time manner (Fig. 8.8b), 
as well as an over 1000-fold increase in tumorigenicity with heterogenic expan-
sion in vivo [49–51]. These results suggested that the novel CSC imaging system 
was useful to isolate populations extremely enriched with self-renewal and tumor-
initiating cells.

Accumulating evidence has indicated CSCs are distinguished as the metastatic 
abilities [54]. Our CSC imaging system has the advantage of in vivo studies, and 

a

b c

Fig. 8.8  Real-time visualization of human pancreatic CSCs [49, 53]. (a) Asymmetric cell division 
of CSChigh cells into CSClow and CSChigh cells was clearly recognized, and CSClow cells never 
divided into CSChigh cells, as demonstrated by time-lapse microscopy. (b) Sphere formation of 
CSChigh cells that attached to each other with the exclusion of CSClow cells, whereas the CSClow 
cells could not form such spheres. (c) Liver metastatic model of pancreatic CSChigh cells in mice. 
Left, liver metastatic tumors are shown in mice 8 weeks after injection of CSChigh but not CSClow 
cells. Right, fluorescent microscopic images of the main tumor are shown. CSChigh cells are local-
ized preferentially at the invading tumor margins
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we visualized that pancreatic CSCs were highly metastatic and dominantly located 
at the invading margins of the metastatic liver tumors (Fig. 8.8c) [53]. Gene expres-
sion profiling with siRNA screening assays revealed that doublecortin-like kinase 
1 (DCLK1) is essential for the invasive and metastatic properties of CSCs. 
Knockdown of DCLK1 completely inhibited liver metastasis. In addition, these 
gene expression profiles are regulated by histone modifications for open-bivalent-
closed chromatin statuses. Chromatin dynamics play an essential role in cell-fate 
determination [55]. Recently, the chromatin dynamics are closely associated with 
a class of regulatory elements termed “super-enhancers,” which act as switches to 
determine the cell type-specific gene expression as well as the essential step of 
cancer initiation with reprograming (Fig. 8.9a) [56]. The subgroup-specific thera-
peutics must be actively engaged in developing chemical inhibitors of BRD4 (JQ1, 
I-BET, OTX-015, TEN-010) at histone H3K27ac-enriched super-enhancer regions 
(Fig. 8.9b) [57].
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Fig. 8.9  Significance of super-enhancer activation [56]. (a) Model for the reemergent state of stem-
ness reprograming through super-enhancer activation as an essential step in cancer initiation. The 
acquisition of genetic lesions in normal tissue leads to oncogene activation and tumor suppressor 
loss. It represents an initial barrier that generates a cancerized field from which rare clones overcome 
the additional barrier of achieving a stemness state to initiate cancer formation and then tumor expan-
sion. (b) Model for the super-enhancer with RNA polymerase II (RNAPII), transcription factors, and 
chromatin regulators. The complexes are responsible for diverse enhancer-related functions, such as 
enhancer looping, gene activation, nucleosome remodeling, and histone modification
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8.7  �Closing Remarks

Achilles’ heel of each pancreatic cancer subtype should be fatefully determined by 
its addiction to the genetic, epigenetic, and transcriptomic alterations [58]. As 
shown in Fig. 8.2, pancreatic cancer is believed to develop and progress stepwise 
through a particular sequence of genetic alterations: KRAS, followed by CDKN2A, 
then TP53, and SMAD4. Such evolutionary trajectory of pancreatic cancer progres-
sion is gradual because each alteration is acquired independently. However, Murphy 
et al. demonstrated that pancreatic neoplasia acquires an extensive mutation burden 
but remains noninvasive or non-metastatic in the mouse models [59]. Novel genome 
informatics on clinical samples revealed recently that the pancreatic cancer tumori-
genesis is neither gradual nor follows the accepted mutation order [60]. Surprisingly, 
more than 60% of human pancreatic cancers exhibit complex rearrangement (chro-
mothripsis) associated with mitotic errors, indicating “punctuated equilibrium,” 
rather than “gradualism,” as the principal evolutionary trajectory in a subset of cases 
(Fig. 8.10). Since the consequence of mitotic errors is not sequential but simultane-
ous, knockout of canonical preneoplastic genetic drivers is likely to set off the 
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Fig. 8.10  Pancreatic cancer evolution models for classical gradualism (left) and alternatively 
punctuated equilibrium (right) [60]. In the classical model, there is a period of latency between the 
driver mutations that lead to tumor development, and the multiple transforming events are indepen-
dently required for tumor development. In the punctuated equilibrium model, tumor development 
can be divided into two major events: the cancer-initiating event and revolutionary-transforming 
event. The latter event “chromothripsis” is triggered catastrophically by mitotic errors
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invasive cancer growth. According to our recent studies, activity of proteasome and 
autophagy might be required for the punctuated initiation of pancreatic cancer and 
mitotic segregation, respectively [61, 62]. These findings provide new insights into 
the crucial processes that break through the initial trigger and metastatic chro-
mothripsis step (Fig. 8.9). The innovative investigations of malignant evolution will 
be essential to guide therapeutic strategies for lethal pancreatic cancer.

Acknowledgment  I sincerely appreciate the opportunity to write the review article. I thank all of 
my colleagues and collaborators at Tokyo Medical and Dental University, Osaka University, 
Kyushu University, and Brown Medical School. This work was supported by Grant-in-Aid for 
Scientific Research (A); Scientific Research on Innovative Areas from Ministry of Education, 
Culture, Sports, Science & Technology of Japan; Research Grant from the Princess Takamatsu 
Cancer Research Fund; and P-DIRECT and P-CREATE from Japan Agency for Medical Research 
and Development (AMED).

Conflicts of Interest  The author discloses no conflicts.

References

	 1.	Reichert M, Rustgi AK. Pancreatic ductal cells in development, regeneration, and neoplasia. 
J Clin Invest. 2011;121(12):4572–8.

	 2.	Makohon-Moore A, Iacobuzio-Donahue CA. Pancreatic cancer biology and genetics from an 
evolutionary perspective. Nat Rev Cancer. 2016;16(9):553–65.

	 3.	Kawaguchi Y.  Sox9 and programming of liver and pancreatic progenitors. J Clin Invest. 
2013;123(5):1881–6.

	 4.	Vincent A, Herman J, Schulick R, Hruban RH, Goggins M.  Pancreatic cancer. Lancet. 
2011;378(9791):607–20.

	 5.	Tanaka S. Molecular pathogenesis and targeted therapy of pancreatic cancer. Ann Surg Oncol. 
2016;23(Suppl 2):S197–205.

	 6.	 Jones S, Zhang X, Parsons DW, Lin JC, Leary RJ, Angenendt P, Mankoo P, Carter H, 
Kamiyama H, Jimeno A, Hong SM, Fu B, Lin MT, Calhoun ES, Kamiyama M, Walter K, 
Nikolskaya T, Nikolsky Y, Hartigan J, Smith DR, Hidalgo M, Leach SD, Klein AP, Jaffee EM, 
Goggins M, Maitra A, Iacobuzio-Donahue C, Eshleman JR, Kern SE, Hruban RH, Karchin 
R, Papadopoulos N, Parmigiani G, Vogelstein B, Velculescu VE, Kinzler KW. Core signal-
ing pathways in human pancreatic cancers revealed by global genomic analyses. Science. 
2008;321(5897):1801–6.

	 7.	Kong B, Michalski CW, Erkan M, Friess H, Kleeff J. From tissue turnover to the cell of origin 
for pancreatic cancer. Nat Rev Gastroenterol Hepatol. 2011;8(8):467–72.

	 8.	Shain AH, Giacomini CP, Matsukuma K, Karikari CA, Bashyam MD, Hidalgo M, Maitra A, 
Pollack JR. Convergent structural alterations define SWItch/sucrose NonFermentable (SWI/
SNF) chromatin remodeler as a central tumor suppressive complex in pancreatic cancer. Proc 
Natl Acad Sci U S A. 2012;109(5):E252–9.

	 9.	Biankin AV, Waddell N, Kassahn KS, Gingras MC, Muthuswamy LB, Johns AL, Miller DK, 
Wilson PJ, Patch AM, Wu J, Chang DK, Cowley MJ, Gardiner BB, Song S, Harliwong I, 
Idrisoglu S, Nourse C, Nourbakhsh E, Manning S, Wani S, Gongora M, Pajic M, Scarlett 
CJ, Gill AJ, Pinho AV, Rooman I, Anderson M, Holmes O, Leonard C, Taylor D, Wood 
S, Xu Q, Nones K, Fink JL, Christ A, Bruxner T, Cloonan N, Kolle G, Newell F, Pinese 
M, Mead RS, Humphris JL, Kaplan W, Jones MD, Colvin EK, Nagrial AM, Humphrey 
ES, Chou A, Chin VT, Chantrill LA, Mawson A, Samra JS, Kench JG, Lovell JA, Daly 

S. Tanaka



141

RJ, Merrett ND, Toon C, Epari K, Nguyen NQ, Barbour A, Zeps N, Australian Pancreatic 
Cancer Genome Initiative, Kakkar N, Zhao F, Wu YQ, Wang M, Muzny DM, Fisher WE, 
Brunicardi FC, Hodges SE, Reid JG, Drummond J, Chang K, Han Y, Lewis LR, Dinh H, 
Buhay CJ, Beck T, Timms L, Sam M, Begley K, Brown A, Pai D, Panchal A, Buchner N, 
De Borja R, Denroche RE, Yung CK, Serra S, Onetto N, Mukhopadhyay D, Tsao MS, Shaw 
PA, Petersen GM, Gallinger S, Hruban RH, Maitra A, Iacobuzio-Donahue CA, Schulick RD, 
Wolfgang CL, Morgan RA, Lawlor RT, Capelli P, Corbo V, Scardoni M, Tortora G, Tempero 
MA, Mann KM, Jenkins NA, Perez-Mancera PA, Adams DJ, Largaespada DA, Wessels 
LF, Rust AG, Stein LD, Tuveson DA, Copeland NG, Musgrove EA, Scarpa A, Eshleman 
JR, Hudson TJ, Sutherland RL, Wheeler DA, Pearson JV, JD MP, Gibbs RA, Grimmond 
SM. Pancreatic cancer genomes reveal aberrations in axon guidance pathway genes. Nature. 
2012;491(7424):399–405.

	10.	von Figura G, Fukuda A, Roy N, Liku ME, Morris Iv JP, Kim GE, Russ HA, Firpo MA, 
Mulvihill SJ, Dawson DW, Ferrer J, Mueller WF, Busch A, Hertel KJ, Hebrok M. The chro-
matin regulator Brg1 suppresses formation of intraductal papillary mucinous neoplasm and 
pancreatic ductal adenocarcinoma. Nat Cell Biol. 2014;16(3):255–67.

	11.	Bailey P, Chang DK, Nones K, Johns AL, Patch AM, Gingras MC, Miller DK, Christ AN, 
Bruxner TJ, Quinn MC, Nourse C, Murtaugh LC, Harliwong I, Idrisoglu S, Manning S, 
Nourbakhsh E, Wani S, Fink L, Holmes O, Chin V, Anderson MJ, Kazakoff S, Leonard C, 
Newell F, Waddell N, Wood S, Xu Q, Wilson PJ, Cloonan N, Kassahn KS, Taylor D, Quek K, 
Robertson A, Pantano L, Mincarelli L, Sanchez LN, Evers L, Wu J, Pinese M, Cowley MJ, 
Jones MD, Colvin EK, Nagrial AM, Humphrey ES, Chantrill LA, Mawson A, Humphris J, 
Chou A, Pajic M, Scarlett CJ, Pinho AV, Giry-Laterriere M, Rooman I, Samra JS, Kench JG, 
Lovell JA, Merrett ND, Toon CW, Epari K, Nguyen NQ, Barbour A, Zeps N, Moran-Jones 
K, Jamieson NB, Graham JS, Duthie F, Oien K, Hair J, Grützmann R, Maitra A, Iacobuzio-
Donahue CA, Wolfgang CL, Morgan RA, Lawlor RT, Corbo V, Bassi C, Rusev B, Capelli P, 
Salvia R, Tortora G, Mukhopadhyay D, Petersen GM, Initiative APCG, Munzy DM, Fisher 
WE, Karim SA, Eshleman JR, Hruban RH, Pilarsky C, Morton JP, Sansom OJ, Scarpa A, 
Musgrove EA, Bailey UM, Hofmann O, Sutherland RL, Wheeler DA, Gill AJ, Gibbs RA, 
Pearson JV, Waddell N, Biankin AV, Grimmond SM. Genomic analyses identify molecular 
subtypes of pancreatic cancer. Nature. 2016;531(7592):47–52.

	12.	Navas C, Hernández-Porras I, Schuhmacher AJ, Sibilia M, Guerra C, Barbacid M. EGF recep-
tor signaling is essential for k-ras oncogene-driven pancreatic ductal adenocarcinoma. Cancer 
Cell. 2012;22(3):318–30.

	13.	Ardito CM, Grüner BM, Takeuchi KK, Lubeseder-Martellato C, Teichmann N, Mazur PK, 
Delgiorno KE, Carpenter ES, Halbrook CJ, Hall JC, Pal D, Briel T, Herner A, Trajkovic-Arsic 
M, Sipos B, Liou GY, Storz P, Murray NR, Threadgill DW, Sibilia M, Washington MK, Wilson 
CL, Schmid RM, Raines EW, Crawford HC, Siveke JT. EGF receptor is required for KRAS-
induced pancreatic tumorigenesis. Cancer Cell. 2012;22(3):304–17.

	14.	Moore MJ, Goldstein D, Hamm J, Figer A, Hecht JR, Gallinger S, Au HJ, Murawa P, Walde 
D, Wolff RA, Campos D, Lim R, Ding K, Clark G, Voskoglou-Nomikos T, Ptasynski M, 
Parulekar W. Erlotinib plus gemcitabine compared with gemcitabine alone in patients with 
advanced pancreatic cancer: a phase III trial of the National Cancer Institute of Canada clinical 
trials group. J Clin Oncol. 2007;25(15):1960–6.

	15.	Van Cutsem E, van de Velde H, Karasek P, Oettle H, Vervenne WL, Szawlowski A, Schoffski P, 
Post S, Verslype C, Neumann H, Safran H, Humblet Y, Perez Ruixo J, Ma Y, Von Hoff D. Phase 
III trial of gemcitabine plus tipifarnib compared with gemcitabine plus placebo in advanced 
pancreatic cancer. J Clin Oncol. 2004;22(8):1430–8.

	16.	Gonçalves A, Gilabert M, François E, Dahan L, Perrier H, Lamy R, Re D, Largillier R, Gasmi 
M, Tchiknavorian X, Esterni B, Genre D, Moureau-Zabotto L, Giovannini M, Seitz JF, Delpero 
JR, Turrini O, Viens P, Raoul JL. BAYPAN study: a double-blind phase III randomized trial 
comparing gemcitabine plus sorafenib and gemcitabine plus placebo in patients with advanced 
pancreatic cancer. Ann Oncol. 2012;23(11):2799–805.

8  Molecular Analysis for Therapeutic Targets of Pancreatic Cancer



142

	17.	Tanaka S, Pero SC, Taguchi K, Shimada M, Mori M, Krag DN, Arii S. Specific peptide ligand 
for Grb7 signal transduction protein and pancreatic cancer metastasis. J Natl Cancer Inst. 
2006;98(7):491–8.

	18.	Wolpin BM, Hezel AF, Abrams T, Blaszkowsky LS, Meyerhardt JA, Chan JA, Enzinger PC, 
Allen B, Clark JW, Ryan DP, Fuchs CS. Oral mTOR inhibitor everolimus in patients with 
gemcitabine-refractory metastatic pancreatic cancer. J Clin Oncol. 2009;27(2):193–8.

	19.	Engelmann D, Pützer BM.  Emerging from the shade of p53 mutants: N-terminally trun-
cated variants of the p53 family in EMT signaling and cancer progression. Sci Signal. 
2014;7(345):re9.

	20.	Jiang W, Wang J, Zhang Y. Histone H3K27me3 demethylases KDM6A and KDM6B modulate 
definitive endoderm differentiation from human ESCs by regulating WNT signaling pathway. 
Cell Res. 2013;23:122–30.

	21.	Xu CR, Li LC, Donahue G, Ying L, Zhang YW, Gadue P, Zaret KS. Dynamics of genomic 
H3K27me3 domains and role of EZH2 during pancreatic endocrine specification. EMBO J. 
2014;33(19):2157–70.

	22.	Miller SA, Mohn SE, Weinmann AS. Jmjd3 and UTX play a demethylase-independent role in 
chromatin remodeling to regulate T-box family member-dependent gene expression. Mol Cell. 
2010;40(4):594–605.

	23.	McLornan DP, List A, Mufti GJ. Applying synthetic lethality for the selective targeting of 
cancer. N Engl J Med. 2014;371(18):1725–35.

	24.	Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells and immune tolerance. Cell. 
2008;133(5):775–87.

	25.	Sugiyama D, Nishikawa H, Maeda Y, Nishioka M, Tanemura A, Katayama I, Ezoe S, Kanakura 
Y, Sato E, Fukumori Y, Karbach J, Jäger E, Sakaguchi S. Anti-CCR4 mAb selectively depletes 
effector-type FoxP3+CD4+ regulatory T cells, evoking antitumor immune responses in 
humans. Proc Natl Acad Sci U S A. 2013;110(44):17945–50.

	26.	Okazaki T, Chikuma S, Iwai Y, Fagarasan S, Honjo T.  A rheostat for immune responses: 
the unique properties of PD-1 and their advantages for clinical application. Nat Immunol. 
2013;14(12):1212–8.

	27.	Topalian SL, Drake CG, Pardoll DM. Immune checkpoint blockade: a common denominator 
approach to cancer therapy. Cancer Cell. 2015;27(4):450–61.

	28.	Royal RE, Levy C, Turner K, Mathur A, Hughes M, Kammula US, Sherry RM, Topalian SL, 
Yang JC, Lowy I, Rosenberg SA. Phase 2 trial of single agent Ipilimumab (anti-CTLA-4) for 
locally advanced or metastatic pancreatic adenocarcinoma. J Immunother. 2010;33(8):828–33.

	29.	Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, Topalian SL, Hwu P, Drake CG, Camacho LH, 
Kauh J, Odunsi K, Pitot HC, Hamid O, Bhatia S, Martins R, Eaton K, Chen S, Salay TM, 
Alaparthy S, Grosso JF, Korman AJ, Parker SM, Agrawal S, Goldberg SM, Pardoll DM, Gupta 
A, Wigginton JM. Safety and activity of anti-PD-L1 antibody in patients with advanced cancer. 
N Engl J Med. 2012;366(26):2455–65.

	30.	Feig C, Jones JO, Kraman M, Wells RJ, Deonarine A, Chan DS, Connell CM, Roberts EW, Zhao 
Q, Caballero OL, Teichmann SA, Janowitz T, Jodrell DI, Tuveson DA, Fearon DT. Targeting 
CXCL12 from FAP-expressing carcinoma-associated fibroblasts synergizes with anti-PD-L1 
immunotherapy in pancreatic cancer. Proc Natl Acad Sci U S A. 2013;110(50):20212–7.

	31.	Jiang H, Hegde S, Knolhoff BL, Zhu Y, Herndon JM, Meyer MA, Nywening TM, Hawkins 
WG, Shapiro IM, Weaver DT, Pachter JA, Wang-Gillam A, DeNardo DG.  Targeting focal 
adhesion kinase renders pancreatic cancers responsive to checkpoint immunotherapy. Nat 
Med. 2016;22(8):851–60.

	32.	Özdemir BC, Pentcheva-Hoang T, Carstens JL, Zheng X, Wu CC, Simpson TR, Laklai H, 
Sugimoto H, Kahlert C, Novitskiy SV, De Jesus-Acosta A, Sharma P, Heidari P, Mahmood 
U, Chin L, Moses HL, Weaver VM, Maitra A, Allison JP, LeBleu VS, Kalluri R. Depletion 
of carcinoma-associated fibroblasts and fibrosis induces immunosuppression and accelerates 
pancreas cancer with reduced survival. Cancer Cell. 2014;25(6):719–34.

	33.	Rhim AD, Oberstein PE, Thomas DH, Mirek ET, Palermo CF, Sastra SA, Dekleva EN, 
Saunders T, Becerra CP, Tattersall IW, Westphalen CB, Kitajewski J, Fernandez-Barrena 

S. Tanaka



143

MG, Fernandez-Zapico ME, Iacobuzio-Donahue C, Olive KP, Stanger BZ.  Stromal ele-
ments act to restrain, rather than support, pancreatic ductal adenocarcinoma. Cancer Cell. 
2014;25(6):735–47.

	34.	Zhang B, Chikuma S, Hori S, Fagarasan S, Honjo T.  Nonoverlapping roles of PD-1 and 
FoxP3  in maintaining immune tolerance in a novel autoimmune pancreatitis mouse model. 
Proc Natl Acad Sci U S A. 2016;113(30):8490–5.

	35.	Hale MA, et al. The homeodomain protein PDX1 is required at mid-pancreatic development 
for the formation of the exocrine pancreas. Dev Biol. 2005;286:225–37.

	36.	Tanaka S. Cancer stem cells as therapeutic targets. In: Sherley JL, editor. Human stem cell 
toxicity. London: Royal Society of Chemistry; 2016. p. 280–94.

	37.	 Inaba M, Yamashita YM. Asymmetric stem cell division: precision for robustness. Cell Stem 
Cell. 2012;11(4):461–9.

	38.	Cheung TH, Rando TA. Molecular regulation of stem cell quiescence. Nat Rev Mol Cell Biol. 
2013;14(6):329–40.

	39.	Li C, Heidt DG, Dalerba P, Burant CF, Zhang L, Adsay V, Wicha M, Clarke MF, Simeone 
DM. Identification of pancreatic cancer stem cells. Cancer Res. 2007;67(3):1030–7.

	40.	Li C, Wu JJ, Hynes M, Dosch J, Sarkar B, Welling TH, Pasca di Magliano M, Simeone 
DM. C-met is a marker of pancreatic cancer stem cells and therapeutic target. Gastroenterology. 
2011;141(6):2218–27.

	41.	Hermann PC, Huber SL, Herrler T, Aicher A, Ellwart JW, Guba M, Bruns CJ, Heeschen 
C. Distinct populations of cancer stem cells determine tumor growth and metastatic activity in 
human pancreatic cancer. Cell Stem Cell. 2007;1(3):313–23.

	42.	Rasheed ZA, Yang J, Wang Q, Kowalski J, Freed I, Murter C, Hong SM, Koorstra JB, 
Rajeshkumar NV, He X, Goggins M, Iacobuzio-Donahue C, Berman DM, Laheru D, Jimeno 
A, Hidalgo M, Maitra A, Matsui W. Prognostic significance of tumorigenic cells with mesen-
chymal features in pancreatic adenocarcinoma. J Natl Cancer Inst. 2010;102(5):340–51.

	43.	Gupta PB, Chaffer CL, Weinberg RA.  Cancer stem cells: mirage or reality? Nat Med. 
2009;15(9):1010–2.

	44.	Li L, Bhatia R. Stem cell quiescence. Clin Cancer Res. 2011;17(15):4936–41.
	45.	Hernebring M, Brolén G, Aguilaniu H, Semb H, Nyström T. Elimination of damaged proteins 

during differentiation of embryonic stem cells. Proc Natl Acad Sci U S A. 2006;103(20):7700–5.
	46.	Achuthan S, Santhoshkumar TR, Prabhakar J, Nair SA, Pillai MR. Drug-induced senescence 

generates chemoresistant stemlike cells with low reactive oxygen species. J Biol Chem. 
2011;286(43):37813–29.

	47.	Vlashi E, Kim K, Lagadec C, Donna LD, McDonald JT, Eghbali M, Sayre JW, Stefani E, 
McBride W, Pajonk F. In vivo imaging, tracking, and targeting of cancer stem cells. J Natl 
Cancer Inst. 2009;101(5):350–9.

	48.	Pan J, Zhang Q, Wang Y, You M. 26S proteasome activity is down-regulated in lung cancer 
stem-like cells propagated in vitro. PLoS One. 2010;5(10):e13298.

	49.	Adikrisna R, Tanaka S, Muramatsu S, Aihara A, Ban D, Ochiai T, Irie T, Kudo A, Nakamura 
N, Yamaoka S, Arii S. Identification of pancreatic cancer stem cells and selective toxicity of 
chemotherapeutic agents. Gastroenterology. 2012;143(1):234–45.

	50.	Muramatsu S, Tanaka S, Mogushi K, Adikrisna R, Aihara A, Ban D, Ochiai T, Irie T, Kudo A, 
Nakamura N, Tanaka H, Nakayama K, Tanaka H, Yamaoka S, Arii S. Visualization of stem 
cell features in human hepatocellular carcinoma enlightened in vivo significance of tumor-host 
interaction and clinical implication. Hepatology. 2013;58(1):218–28.

	51.	Munakata K, Uemura M, Tanaka S, Kawai K, Kitahara T, Miyo M, Kano Y, Nishikawa 
S, Fukusumi T, Takahashi Y, Hata T, Nishimura J, Takemasa I, Mizushima T, Ikenaga 
M, Kato T, Murata K, Carethers JM, Yamamoto H, Doki Y, Mori M.  Cancer stem-like 
properties in colorectal cancer cells with low proteasome activity. Clin Cancer Res. 
2016;22(21):5277–86.

	52.	Murakami Y, Matsufuji S, Kameji T, Hayashi S, Igarashi K, Tamura T, Tanaka K, Ichihara 
A. Ornithine decarboxylase is degraded by the 26S proteasome without ubiquitination. Nature. 
1992;360(6404):597–9.

8  Molecular Analysis for Therapeutic Targets of Pancreatic Cancer



144

	53.	 Ito H, Tanaka S, Akiyama Y, Shimada S, Adikrisna R, Matsumura S, Aihara A, Mitsunori Y, 
Ban D, Ochiai T, Kudo A, Arii S, Yamaoka S, Tanabe M. Dominant expression of DCLK1 in 
human pancreatic cancer stem cells accelerates tumor invasion and metastasis. PLoS One. 
2016;11(1):e0146564.

	54.	 Ischenko I, Petrenko O, Hayman MJ. Analysis of the tumor-initiating and metastatic capacity of 
PDX1-positive cells from the adult pancreas. Proc Natl Acad Sci U S A. 2014;111(9):3466–71.

	55.	Dixon JR, Jung I, Selvaraj S, Shen Y, Antosiewicz-Bourget JE, Lee AY, Ye Z, Kim A, Rajagopal 
N, Xie W, Diao Y, Liang J, Zhao H, Lobanenkov VV, Ecker JR, Thomson JA, Ren B. Chromatin 
architecture reorganization during stem cell differentiation. Nature. 2015;518(7539):331–6.

	56.	Kaufman CK, Mosimann C, Fan ZP, Yang S, Thomas AJ, Ablain J, Tan JL, Fogley RD, van 
Rooijen E, Hagedorn EJ, Ciarlo C, White RM, Matos DA, Puller AC, Santoriello C, Liao EC, 
Young RA, Zon LI. A zebrafish melanoma model reveals emergence of neural crest identity 
during melanoma initiation. Science. 2016;351(6272):aad2197.

	57.	Lin CY, Erkek S, Tong Y, Yin L, Federation AJ, Zapatka M, Haldipur P, Kawauchi D, Risch T, 
Warnatz HJ, Worst BC, Ju B, Orr BA, Zeid R, Polaski DR, Segura-Wang M, Waszak SM, Jones 
DT, Kool M, Hovestadt V, Buchhalter I, Sieber L, Johann P, Chavez L, Gröschel S, Ryzhova 
M, Korshunov A, Chen W, Chizhikov VV, Millen KJ, Amstislavskiy V, Lehrach H, Yaspo ML, 
Eils R, Lichter P, Korbel JO, Pfister SM, Bradner JE, Northcott PA. Active medulloblastoma 
enhancers reveal subgroup-specific cellular origins. Nature. 2016;530(7588):57–62.

	58.	Luo J, Solimini NL, Elledge SJ. Principles of cancer therapy: oncogene and non-oncogene 
addiction. Cell. 2009;136(5):823–37.

	59.	Murphy SJ, Hart SN, Lima JF, Kipp BR, Klebig M, Winters JL, Szabo C, Zhang L, Eckloff 
BW, Petersen GM, Scherer SE, Gibbs RA, McWilliams RR, Vasmatzis G, Couch FJ. Genetic 
alterations associated with progression from pancreatic intraepithelial neoplasia to invasive 
pancreatic tumor. Gastroenterology. 2013;145(5):1098–109.e1.

	60.	Notta F, Chan-Seng-Yue M, Lemire M, Li Y, Wilson GW, Connor AA, Denroche RE, Liang 
SB, Brown AM, Kim JC, Wang T, Simpson JT, Beck T, Borgida A, Buchner N, Chadwick D, 
Hafezi-Bakhtiari S, Dick JE, Heisler L, Hollingsworth MA, Ibrahimov E, Jang GH, Johns 
J, Jorgensen LG, Law C, Ludkovski O, Lungu I, Ng K, Pasternack D, Petersen GM, Shlush 
LI, Timms L, Tsao MS, Wilson JM, Yung CK, Zogopoulos G, Bartlett JM, Alexandrov LB, 
Real FX, Cleary SP, Roehrl MH, JD MP, Stein LD, Hudson TJ, Campbell PJ, Gallinger S. A 
renewed model of pancreatic cancer evolution based on genomic rearrangement patterns. 
Nature. 2016;538(7625):378–82.

	61.	Furuyama T, Tanaka S, Shimada S, Akiyama Y, Matsumura S, Mitsunori Y, Aihara A, Ban 
D, Ochiai T, Kudo A, Fukamachi H, Arii S, Kawaguchi Y, Tanabe M. Proteasome activity is 
required for the initiation of precancerous pancreatic lesions. Sci Rep. 2016;6:27044.

	62.	Watanabe Y, Honda S, Konishi A, Satoko Arakawa S, Murohashi M, Yamaguchi H, Torii 
S, Tanabe M, Tanaka S, Warabi E, Shimizu S. Autophagy controls centrosome number by 
degrading Cep63. Nat Commun. 2016;7:13508.

S. Tanaka



145© Springer Nature Singapore Pte Ltd. 2018 
Y. Shimada, K. Yanaga (eds.), Molecular Diagnosis and Targeting for Thoracic 
and Gastrointestinal Malignancy, Current Human Cell Research and 
Applications, https://doi.org/10.1007/978-981-10-6469-2_9

Chapter 9
Molecular Targeted Therapy 
for Gastroenteropancreatic 
Neuroendocrine Tumors

Izumi Komoto, Yohei Hosoda, and Masayuki Imamura

Abstract  Gastroenteropancreatic neuroendocrine neoplasms (GEP-NENs) are 
generally considered rare tumor. According to the recent studies, the number of 
patients had been increasing and frequently diagnosed as advanced stages. Surgery 
is the only possible way to cure GEP-NENs. However, the indication of surgical 
treatment for the patients with advanced GEP-NENs is limited, and for those 
patients other therapies such as radiofrequency ablation, transarterial chemoembo-
lization, and/or systemic medical treatment are selected. Molecular targeted therapy 
is one of the promising treatments for low-grade or well-differentiated GEP-NENs. 
Phase III randomized studies of molecular targeted agents, such as somatostatin 
analogues, mTOR inhibitor, and tyrosine kinase inhibitor, had been conducted, and 
those studies demonstrated the antiproliferative effect in patients with GEP-NENs. 
Octreotide long-acting release, somatostatin analogue, was approved for gastroin-
testinal NENs. Lanreotide Autogel, another somatostatin analogue, was approved 
for GEP-NEN.  Everolimus, mTOR inhibitor, was approved for GEP-NENs. 
Sunitinib, tyrosine kinase inhibitor, was approved for pancreatic NENs. Despite 
these advances, some tumors show intrinsic resistance to these targeting therapies. 
The arrival of novel treatment, which gives more options for the patient with GEP-
NENs, is desired.
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9.1  �Epidemiology of Gastroenteropancreatic 
Neuroendocrine Neoplasms (GEP-NENs)

Neuroendocrine neoplasms (NENs) are generally considered rare tumors [1]. 
According to the Surveillance, Epidemiology, and End Results (SEER) study, a US 
epidemiological database, the number of patients has been increasing; the incidence 
rate of the disease increased fivefold from 1.09 per 100,000 people in 1973 to 5.25 
per 100,000 people in 2004 [2]. Ito et al. reported the result of Japanese epidemio-
logical study: a 1.2-fold increase in the number of patients, who received treatment 
for pancreatic NENs (P-NENs), from 2005 to 2010 and a 1.8-fold increase in the 
number of patients with gastrointestinal NENs (GI-NENs) [3]. (Table 9.1).

NENs are generally considered more indolent than other gastrointestinal malig-
nancies. However, GEP-NENs are frequently diagnosed at advanced stages. 
According to the SEER study, 28% of patients with NENs had distant metastasis at 
diagnosis, 15% of patients with gastric NENs, 30% of patients with jejunal/ileal 
NENs, 5% of patients with rectal NENs, and 64% of patients with P-NENs [2]. 
According to the Japanese epidemiological study, 6.0% of patients with GI-NENs 
exhibited distant metastasis at initial diagnosis and 19.9% of patients with P-NENs 
[3]. (Table 9.2).

Table 9.1  The trends epidemiology of NENs in SEER data and Japanese epidemiological study

1973 1999 2004 2005 2010

SEER dataa

Incidence rate of all-NENs (per 100,000 
population)

1.09 4.73 5.25

Japanese epidemiological studyb

Total number of patients with treated for p-NEN 2845 3379
Overall prevalence of p-NENs (per 100,000 
population)

2.23 2.69

Incidence rate of p-NENs (per 100,000 
population)

1.01 1.27

Total number of patients with treated for GI-NEN 4406 8088
Overall prevalence of GI-NENs (per 100,000 
population)

2.45 6.42

Incidence rate of GI-NENs (per 100,000 
population)

2.10 3.51

aYao [2]
bIto [3]
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9.2  �Pathological Classification

The 2010 World Health Organization (WHO) classification classified GEP-NENs 
into three categories (neuroendocrine tumor grade 1(NET G1), neuroendocrine 
tumor grade 2 (NET G2), and neuroendocrine carcinoma (NEC)) on the basis of 
Ki-67 proliferation index and/or mitotic count. A mitotic count of <2 per 10 high-
power fields (hpf) and/or a Ki-67 index <3% corresponds to NET G1, a mitotic 
count of 2–20/10 hpf and/or a Ki-67 index of 3–20% to NET G2, and a mitotic 
count of >20/10 hpf and/or a Ki-67 index >20% (grade3) to NEC (Table 9.3). NET 
G1 and NET G2 are generally more indolent, less aggressive course than NEC [4, 
5]. According to this 2010 WHO classification, both poorly differentiated small cell 
carcinoma and large cell neuroendocrine carcinoma (LCNEC) correspond to 
NEC. This classification system is pathologically simple and very useful to stan-
dardize diagnosis and treatment procedures. However, mitotic count and Ki-67 
index are higher in small cell carcinoma or LACNEC than well-differentiated 
tumors. Recent data also suggests that it may not be correct to consider all NEC as 
a single entity, and some researchers have proposed that well-differentiated subtype 

Table 9.2  Distant metastasis of NENs in SEER data and Japanese epidemiological study

Percentages of distant metastasis (%)

SEER data (1973–2004)a

Pancreas 64
Gastric 15
Duodenum 9
Jejunum/ileum 30
Rectum 5
Japanese epidemiological study (2010)b

Pancreas 19.9
Foregut (expt. pancreas) 6.0
Midgut 9.8
Hind gut 3.5

aYao [2]
bIto [3]

Table 9.3  WHO 2010 
classification of GEP-NENs Classification

Mitotic Count (per 10 
HPF) Ki-67 index (%)

NET G1 <2 <3
NET G2 2–20 3–20
NEC >20 >20

WHO World Health Organization, GEP-NENs gastroenteropan-
creatic neuroendocrine neoplasms, NET neuroendocrine tumor, 
NEC neuroendocrine carcinoma
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of NEC should be designated as NET G3 (neuroendocrine tumor grade 3) to distin-
guish from small cell carcinoma or LCNEC [6–9]. Some P-NENs show discordance 
between Ki-67 index and mitotic count; well-differentiated P-NEN that is grade 3 
by Ki-67 is significantly less aggressive than poorly differentiated NECs [6]. In 
other study, grade 3 GI-NEN with a Ki-67 index <55% were less responsive to first-
line platinum-based chemotherapy [9].

9.3  �Treatments for GEP-NENs

9.3.1  �Indication of Medical Treatment

Surgical treatment is only the possible way to cure the GEP-NENs and the indica-
tion of surgical treatment should be considered for all patients with GEP-NENs. 
Liver resection is often performed in the well-differentiated (G1 or G2) GEP-NEN 
patients with hepatic metastasis, depending on the tumor number, size, and loca-
tion of the metastatic lesions and the extent of primary tumor [10]. The rationale 
of liver resection is provided by studies showing longer survival after resection of 
liver metastases, and the clinical effectiveness of liver resection can be partly 
explained by intrinsic slow progression of well-differentiated GEP-NENs [11–13]. 
Surgical treatment is the preferred method whenever possible; however, the 
patients with unresectable advanced GEP-NENs need radiofrequency ablation 
(RFA), transarterial chemoembolization (TACE), and/or systemic medical treat-
ment. The goals of treatments in the patients with unresectable disease are to pal-
liate tumor-related symptoms and prolong life span. Figure 9.1 shows treatment 
options in the advanced locoregional or metastatic disease. There are multiple sys-
temic treatment options available including somatostatin analogues, molecular 
targeted agents, cytotoxic chemotherapy, and peptide receptor radiation therapy 
(PRRT). However, the rarity of this disease and the number of prospective ran-
domized trials are limited, and the most therapeutic recommendations are based on 
the expert opinions.

9.3.2  �Cytotoxic Chemotherapy

Cytotoxic chemotherapy has been used to treat the patients with unresectable pro-
gressive GEP-NEN for more than 50 years. Streptozocin (STZ) was approved in the 
USA as a cytotoxic antitumor drug for symptomatic or advanced P-NEN in 1982. 
STZ combined with doxorubicin (DOX) or fluorouracil (5-FU) has been used as a 
first-line chemotherapy for GEP-NENs based on several clinical trials including 
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randomized clinical trials [14–19]. However, this result was not reproduced in simi-
lar studies conducted later [20]. The combination of another alkylating agent temo-
zolomide and capecitabine showed high response in metastatic P-NEN. Response 
rate of 70% was achieved, and median progressive-free survival was 18  months 
[21]. In the treatment of P-NENs, chemotherapy has been demonstrated to have 
both palliative and antitumor effects, though evidence regarding survival is still con-
flicting. The positioning of cytotoxic chemotherapies is still under discussion.

9.3.3  �Molecular Targeted Therapies

In the recent basic and clinical research, somatostatin analogues, mammalian target 
of rapamycin (mTOR) inhibitors and tyrosine kinase inhibitors appear to have great 
potential for the treatment of advanced GEP-NENs [22–29]. Octreotide, lanreotide, 
sunitinib, and everolimus are the drugs evaluated within placebo-controlled studies 
in GEP-NENs and had evidence for the treatment. Molecular targeted treatments for 
advanced NENs have been approved on the basis of their antiproliferative effects, 
and some clinical trial data of molecular targeted therapies show the prolongation 
effects of progression-free survival among the patients with advanced, metastatic 
GEP-NENs (Table 9.4).

Noncurative resection
or debulking surgery 

Resection primary and/or
metastatic lesions
(surgically or endoscopically) 

Systemic therapy (chemotherapy, molecular targeted therapy)
Locoregional ablative therapy (TA(C)E / RFA)
Palliative treatment

Observation

Localized
disease 

Advanced
locoregional disease

Disease with
distant metastases 

noyes

If needed: consider somatostatin analogue to control symptoms of functionally active NEN

Surgical or endoscopic resection can
improve a prognosis or symptom 

Curative resection

Fig. 9.1  A treatment flowchart of gastroenteropancreatic neuroendocrine neoplasms
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Table 9.4  Phase III randomized trials of molecular targeted therapy for well- to moderately 
differentiated advanced or metastatic GEP-NENs

Trial Agent
Primary tumor sites 
functionality

Number 
of patients 
actual/
placebo

Median 
PFS 
(months) 
actual/
placebo HR p-value

PROMID 
(2009)

Octreotide 
LAR 30 mg 
i.m., q4w

Midgut functional/
nonfunctional

42/43 14.3/6.0 
(TTP)

0.34 (0.20–
0.59) 
p = 0.000072

CLARINET 
(2014)

Lanreotide 
autogel 
120 mg s.c., 
q4w

Gastrointestinal/
pancreas 
nonfunctional

101/103 Nr/18.0 0.47 (0.30–
0.73) 
p < 0.001

RADIANT 
3 (2011)

Everolimus 
10 mg/day 
p.o.

Pancreas 
nonfunctional

207/203 11.4/5.4a 0.34 (0.26–
0.44) 
p < 0.001

RADIANT 
4 (2016)

Everolimus 
10 mg/day 
p.o.

Lung/
gastrointestinal 
nonfunctional

205/97 11.0/3.9 0.48 (0.35–
0.67) 
p < 0.00001

Sunitinib 
(2011)

Sunitinib 
malate 
37.5 mg/day 
p.o.

Pancreas functional/
nonfunctional

86/85 11.4/5.5 0.42 (0.26–
0.66) 
p < 0.001

aReview by central adjudication committee
GEP-NENs Gastroenteropancreatic neuroendocrine neoplasms, LAR long-acting-release, i.m. 
intramuscular injection, s.c. subcutaneous injection, p.o. oral administration, PFS progression free 
survival, TTP time to tumor progression, HR hazard ratio

9.4  �Molecular Targeted Therapy for Advanced GEP-NENs

9.4.1  �Somatostatin Receptor and Somatostatin Analogues

Somatostatin and its synthetic analogues bind to G-protein couple receptors and 
inhibit both secretion and growth of NENs. Somatostatin analogues have been 
used both for the diagnosis and therapy for NENs. Five distinct somatostatin 
receptor subtype genes (SSTR1–5) were cloned [30]. GEP-NENs, except insuli-
noma, express SSTR2  in 80–100% cases, whereas insulinomas have a lower 
incidence of SSTR2 expression [31]. Well-differentiated GEP-NENs usually 
express higher frequency of SSTRs than poorly or undifferentiated GEP-NENs 
[32].

The mechanisms of somatostatin receptor signaling and regulation have been 
elucidated. The well-known somatostatin action is inhibitory effect on secretion. 
This inhibitory effect is mediated by coupling of SSTR to Gi/Go proteins, and 
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subsequently G-protein activation leads to reduction of second messengers, cyclic 
AMP, and cytosolic calcium. The reduction of second messengers by somatostatin 
leads to inhibitory effect on hormone release [33, 34]. Another important soma-
tostatin action is inhibition of NEN cell proliferation, and this effect can be medi-
ated by two general signaling pathways. One pathway is activation of protein 
tyrosine phosphatases. The dephosphorylation of specific substrates is proposed to 
counteract growth factor stimulated tyrosine kinase activity and then to inhibit mito-
genic signaling pathways [35–38]. The second pathway is SSTR inhibition of ade-
nylyl cyclase. The inhibition of adenylyl cyclase leads to a reduction in cyclic AMP 
levels and thus to changes in cAMP response element-binding protein (CREB) and 
extracellular receptor kinase (ERK) signaling [39–41], although the role of this 
pathway is still under discussion.

As of now, three somatostatin analogues, octreotide, lanreotide, and pasireo-
tide, are available. However, pasireotide, a novel universal somatostatin ligand, is 
not approved for the treatment of GEP-NENs. Focused on the antiproliferative role 
of somatostatin analogues, there are two phase III randomized studies, the 
PROMID study and the CLARINET study, which was published. Both study are 
placebo-controlled, double-blind, prospective, randomized study. In the PROMID 
study, the antitumor effect of octreotide long-acting release (LAR) on the well-
differentiated metastatic NENs was examined [22]. This study included only mid-
gut NENs. In this study, 85 patients were randomly assigned to either placebo or 
octreotide LAR 30 mg intramuscularly monthly until tumor progression or death. 
The primary end point of this study was time to tumor progression (TTP), and 
secondary end points were survival time and tumor response. The significant dif-
ference of TTP was observed between the octreotide LAR group and placebo 
group (14.3 months and 6 months, P = 0.000072), and antiproliferative efficacy 
was demonstrated [22]. Subgroup analyses of this study suggested that the antip-
roliferative effect was influenced by hepatic tumor burden and resection of the 
primary tumor [22]. In the CLARINET study, the antitumor effect of extended-
release aqueous-gel formulation of lanreotide (Autogel) on the SSTR-positive, 
well, or moderately differentiated (Ki-67 index of <10%) metastatic GEP-NENs 
were examined [23]. Primary tumors were located in the pancreas, midgut, or 
hindgut or were of unknown origin. Two hundred four patients were randomly 
assigned to either placebo or lanreotide Autogel 120 mg deep subcutaneously once 
every 28 days for 96 weeks. The primary end point of this study was progression-
free survival (PFS), and secondary end points were overall survival, quality of life, 
and safety [23]. The significant difference of PFS was observed between the lan-
reotide Autogel group and placebo group (median not reached and median of 
18.0 months, P < 0.001). The estimated progression-free survival at 24 months was 
65.1% in the lanreotide Autogel group and 33.0% in the placebo group. No signifi-
cant difference in quality of life or overall survival was observed [23]. These two 
studies demonstrate the antiproliferative effect with long-acting somatostatin ana-
logues in patients with NENs.
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9.4.2  �mTOR Pathway and mTOR Inhibitor

In most cases, upregulation of mTOR pathway is prevalent in P-NENs. mTOR is a 
serine/threonine protein kinase, belongs to the family of the phosphatidylinositol 
(PI) 3-kinase (PI3K)-related protein kinases, and plays a critical role in cell growth, 
proliferation, and migration [42]. mTOR is associated in two distinct complexes, 
mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). Modulation of 
downstream mTORC1 effectors promotes protein synthesis and cell proliferation 
and inhibits autophagy. mTORC2 is a main modulator of cell growth. mTORC2 is 
directly upstream of AKT and activation of AKT stimulates downstream of 
mTORC1. mTORC2 also activates protein kinase c (PKC), a member of the MAPK/
ERK signaling pathway. Upregulation of the PI3K/mTOR/AKT pathway is a com-
mon feature of proliferative disorder [43–45] (Fig. 9.2).

Rapamycin, a kind of mTOR inhibitor, was found as an antibiotic produced by 
the bacterium Streptomyces hygroscopicus. There are three rapamycin analogues 
(rapalogs) that are synthesized, CCI779, AP23573, and RAD001 (everolimus). 
Based on the phase II studies of everolimus, which demonstrated promising antitu-
mor effect of everolimus in GEP-NENs [46, 47], two randomized double-blind 
placebo-controlled phase III trials, RADIANT 3 and RADIANT 4, was conducted. 
In RADIANT 3 trial, 410 patients, who had advanced low-grade or intermediate-
grade P-NENs with radiologic progression within the previous 12  months, were 
randomly assigned to receive everolimus (207 patients) or placebo (203 patients) 
[26]. Everolimus significantly prolonged the progression-free survival (PFS) 

mTORC2

mTORC1

TSC 1/2

AKT

PI3K

Tyrosine kinase receptor

Growth
factor

Nucleus

Everolimus

Cell growth
Angiogenesis

Fig. 9.2  mTOR signaling 
pathway. Everolimus 
suppresses mTOR complex 
1 (mTORC1), which leads 
to cell growth and 
angiogenesis
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compared with placebo (median PFS, 11.0 months vs. 4.6 months; hazard ratio for 
disease progression or death with everolimus, 0.35; 95% CI, 0.27–0.45; p < 0.001) 
[26]. In RADIANT 4 trial, 302 patients, who had advanced well-differentiated non-
functional NEN of the lung, gastrointestinal tract origin, were randomly assigned in 
a 2:1 ratio to receive everolimus (205 patients) or placebo (97 patients) [27]. 
Everolimus significantly prolonged the PFS compared with placebo (median PFS, 
11.0  months vs. 3.9  months; hazard ratio for disease progression or death with 
everolimus, 0.48; 95% CI, 0.40–0.67; p < 0.00001) [27]. The result of RADIANT 3 
trial and RADIANT 4 trail indicates that the treatment with everolimus markedly 
extended the PFS in patients with advanced NEN of the lung, gastrointestinal tract, 
or pancreas origin. Based on the above two randomized trials, everolimus was 
approved in the USA, European countries, and other countries.

9.4.3  �Angiogenesis and Tyrosine Kinase Inhibitor

Well-differentiated NENs are characterized as high vascular tumors and express 
high level of vascular endothelial growth factor (VEGF) [48]. Malignant P-NENs 
widely express platelet-derived growth factor receptors (PDGFRs) α and β, stem-
cell factor receptor (c-kit), and VEGF receptor (VEGFR)-2 and VEGFR-3 [49, 50]. 
Sunitinib is a multi-target anti-angiogenetic tyrosine kinase inhibitor and it blocks 
VEGFR, PDGFR β, c-KIT, FlT-3, and RET [26] (Fig. 9.3). A phase II trial investi-
gated the efficacy of sunitinib in both carcinoid tumors (41 patients, originated in 
the lung, stomach, small bowel, appendix, colon, or rectum) and P-NENs (66 
patients) [51]. Patients were treated with sunitinib 50 mg/day for 4 weeks, followed 
by a 2 weeks off treatment. This trial suggested that sunitinib had antitumor activity 
in P-NENs; however, definitive effective could not be seen in carcinoid tumors [51]. 
Based on this phase II trial, one randomized double-blind placebo-controlled phase 
III trial with sunitinib was conducted. In this phase III trial, 171 patients who had 
advanced well-differentiated P-NEN were randomly assigned to receive sunitinib 
(86 patients) or placebo (85 patients) [28]. In sunitinib group, patients received best 
supportive care with once-daily sunitinib at a dose of 37.5 ng/day. The dose reduc-
tion (37.5 mg instead of 50 mg) was due to the increased rate of grade 3 fatigue in 

VEGFR-1

VFGR

Sinitinib

VEGFR-2
Fig. 9.3  Sunitinib 
suppresses VGEFR-1 and 
VEFGR-2
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the phase II study [28, 51]. Sunitinib significantly prolonged the PFS compared 
with placebo (median PFS, 11.4 months vs. 5.5 months; hazard ratio for disease 
progression or death with everolimus, 0.42; 95% CI, 0.26–0.66; p < 0.001) [28]. 
Based on the above phase III trial, sunitinib was approved for P-NENs.

9.5  �Conclusions

For the treatment of well-differentiated (NET G1/G2) GEP-NENs, promising tar-
geted agents, such as octreotide, lanreotide, everolimus, and sunitinib, have emerged 
on the bases of randomized phase III trials. Despite these advances, some tumors 
show intrinsic resistance to these targeting therapies. Various other clinical trials of 
GEP-NENs are being conducted. The arrival of novel treatment, which gives more 
options for the patient with GEP-NENs, is desired.
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