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Abstract
Despite improvements in adjuvant therapies for gastric 
cancer in recent years, the disease is characterized 
by high recurrence rates and a dismal prognosis. The 
major improvement in the treatment of recurrent or 
metastatic gastric cancer in recent years has been 
the incorporation of trastuzumab, a monoclonal 
antibody that inhibits human epidermal growth factor 
receptor 2 (HER2) heterodimerization, after the 
demonstrated predictive value of the overexpression 
and/or amplification of this receptor. Beyond HER2, 
other genetic abnormalities have been identified, and 
these mutations may be targetable by tyrosine kinase 
inhibitors or monoclonal antibodies. The demonstration 
of four distinct molecular subtypes of gastric cancer by 
the Cancer Genome Atlas study highlight the enormous 
heterogeneity of the disease and its complex interplay 
between genetic and epigenetic alterations and provide 
a roadmap to implement genome-guided personalized 
therapy in gastric cancer. In the present review, we aim 
to discuss, from a clinical point of view, the genomic 
landscape of gastric cancer described in recent studies, 
the therapeutic insights derived from these findings, and 
the clinical trials that have been conducted and those 
in progress that take into account tailored therapies for 
gastric cancer.
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subtypes of the disease[6]. Progress has also been 
made in identifying new driver mutations and potential 
therapeutic targets.

The present comprehensive review aims to discuss 
the current state of personalized treatment of GC, 
highlighting the complex interplay between genetic 
and epigenetic alterations from a clinical point of view. 
Completed and ongoing clinical trials involving targeted 
therapies and the therapeutic perspectives based 
on recent discoveries in the molecular biology of the 
disease are discussed.

Standard of care of the 
treatment of GC
The standard treatment of localized or resectable 
locally advanced GC is surgical resection plus D2 
lymphadenectomy associated with adjuvant therapies, 
with the exception of stage IA disease patients, 
who are treated with surgery alone[7]. The options 
for adjuvant treatments currently include adjuvant 
chemoradiotherapy[8,9], perioperative chemotherapy[10] 
and adjuvant chemotherapy[11,12], and all of these 
options have been demonstrated to confer a survival 
benefit. However, targeted therapies have not been 
shown to confer a survival benefit as an adjuvant treat­
ment for GC. Ongoing phase Ⅱ trials are evaluating 
the combination of capecitabine, oxaliplatin and 
trastuzumab in the neoadjuvant and adjuvant setting 
of HER2-positive GC patients (clinicaltrials.gov NCT 
01748773, NCT01130337).

The treatment of unresectable locally advanced 
or metastatic GC is based predominantly on systemic 
therapy. The cornerstone of the systemic treatment 
of advanced disease has not significantly changed 
since the 2000s and remains based on a platinum-
fluoropyrimidine combination[13], with the optional 
addition of anthracyclines[14] or docetaxel[15] to the 
doublet-therapy. The major advance in the first-
line therapy of GC was the addition of trastuzumab 
for the treatment of HER2-positive patients, which 
yielded a 35% reduction in the risk of death in patients 
harboring immunohistochemistry-confirmed HER2 3+ 
tumors or tumors that exhibited ERBB2 amplification 
by fluorescence in situ hybridization (FISH)[5].

Recently, the benefit of second-line therapy 
associated with best supportive care (BSC) was demon­
strated. Paclitaxel[16], docetaxel[17], or irinotecan[16] are 
options after platin and fluoropyrimidine failure. The 
second monoclonal antibody incorporated into the 
therapeutic arsenal of advanced GC was ramucirumab, 
a monoclonal antibody that inhibits vascular endothelial 
growth factor receptor-2 (VEGFR-2). This monoclonal 
antibody improved overall survival compared with 
BSC[18], and it also conferred a benefit when added to 
paclitaxel as a second-line therapy[19].
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Core tip: Gastric cancer is a highly heterogeneous 
disease. Recently, significant improvements have been 
made in the description of the genomic landscape 
of the disease, and these improvements provide a 
roadmap to implement genome-guided personalized 
therapy for gastric cancer. The present review aims 
to discuss the therapeutic insights derived from these 
recent findings and present the clinical trials that have 
been conducted and those in progress that take into 
account tailored therapies for gastric cancer from a 
clinical point of view.

Jácome AA, Coutinho AK, Lima EM, Andrade AC, dos Santos JS. 
Personalized medicine in gastric cancer: Where are we and where 
are we going? World J Gastroenterol 2016; 22(3): 1160-1171  
Available from: URL: http://www.wjgnet.com/1007-9327/full/
v22/i3/1160.htm  DOI: http://dx.doi.org/10.3748/wjg.v22.i3.1160

INTRODUCTION
Gastric cancer (GC) is the third cause of cancer-related 
mortality worldwide[1]. Its incidence is closely related 
to environmental factors, reflecting a characteristic 
geographical distribution. Eastern Asia, Central and 
Eastern Europe and South America represent areas 
of higher risk of developing the disease, whereas 
Northern America and most parts of Africa are low-risk 
areas[1].

Surgical treatment is the therapeutic modality 
that offers the greatest possibility of cure. The 
improvement in adjuvant therapies has increased 
cure rates, but approximately 20%-40% of patients 
continue to experience recurrence of the disease[2,3]. 
The prognosis of patients with recurrent or metastatic 
disease is dismal, with an estimated median survival of 
8 mo[4].

Discoveries in the molecular biology of malignant 
neoplasms, especially the identification of driver 
mutations, have allowed the identification of biomarkers 
with prognostic and predictive values, which has 
improved the individualization of therapy. The first step 
in this direction in the treatment of GC was provided 
in a previous study [Trastuzumab in combination with 
chemotherapy vs chemotherapy alone for treatment 
of human epidermal growth factor receptor 2 (HER2)-
positive advanced gastric and gastro-oesophageal 
junction cancer (ToGA)], which demonstrated that the 
addition of the monoclonal antibody trastuzumab to 
chemotherapy for the treatment of patients with HER2-
positive disease conferred a significant overall survival 
benefit[5].

Since the ToGA study, important advances have 
been achieved in the molecular characterization of 
gastric cancer, mainly via gene expression profile 
studies, which identified four distinct molecular 



MOLECULAR CHARACTERIZATION OF 
GASTRIC ADENOCARCINOMA
GC is a highly heterogeneous disease. The vast majority 
of cases histologically present as adenocarcinomas and 
are classified into different histological subtypes based 
on Lauren’s classification: intestinal-type, with a well-
defined glandular pattern; diffuse-type, infiltrative, 
characterized by minor cell cohesion; and mixed-type, 
which exhibits intermediate characteristics between 
the two aforementioned groups[20]. The intestinal-type 
features better-recognized risk factors and is closely 
related to Helicobacter pylori infection, especially 
CagA+ subtype[21], obesity[22] and gastroesophageal 
reflux disease[23]. The diffuse-type is not associated 
with clearly defined environmental risk factors but is 
associated with germline mutations of CDH1, which 
are responsible for the expression of E-cadherin, 
or mismatch repair genes (Lynch Syndrome)[6]. 
However, hereditary GC is responsible for the minority 
of GC cases. Unlike cases associated with germline 
mutations, sporadic mismatch repair-deficient GC are 
characterized by the epigenetic silencing of MLH1 in the 
context of a CpG island methylator phenotype[6].

This marked phenotypic diversity encompasses 
various molecular subtypes. The recently presented 
Cancer Genome Atlas (TCGA) data, which was obtained 
using six molecular platforms (array-based somatic 
copy number analysis, whole-exome sequencing, 
array-based DNA methylation profiling, messenger 
RNA sequencing, microRNA (miRNA) sequencing and 
reverse-phase protein array), proposed a molecular 
classification that divides GC into four subtypes: EBV-
positive, microsatellite unstable (MSI), genomically 
stable (GS), and chromosomal instability (CIN)[6]. 

Only 9% of tumors are EBV-positive and exhibit 
extensive DNA hypermethylation, the highest pre­
valence in solid tumors reported by TCGA. These 
tumors are predominantly located in the gastric fundus 
or body and preferentially occur in males. ARID1A 
and BCOR mutations are prevalent, whereas TP53 
mutations are rare. Specifically, this type is associated 
with phosphatidylinositol 3-kinase CA (PIK3CA) 
mutations (80% of this subgroup) as well as the 
amplification of JAK2, CD274 and PDCD1LG2, which 
encode a receptor tyrosine kinase, PD-L1 and PD-L2, 
respectively. Based on these findings, JAK2 inhibitors 
and PD-L1/2 antagonists might be explored for the 
treatment of EBV-positive tumors.

MSI tumors are more frequent in females and 
older patients. These tumors constitute 22% of GC 
cases, and, as expected, strongly correlate with MLH1 
hypermethylation. Unlike MSI colorectal cancer, BRAF 
V600E mutations have not been identified in MSI GC. 
Targetable amplifications are generally absent, but 
mutations in oncogenic signaling proteins, such as 
PIK3CA, EGFR, ERBB2 and ERBB3, have been noted.

GS tumors are associated with diffuse-type histology 

and tend to be diagnosed in younger patients. CDH1 
mutations are enriched in this subgroup, which 
represents 20% of GC patients. As in the EBV-subtype, 
ARID1A mutations are prevalent, and the RHOA 
gene is almost exclusively found in GS tumors. RHOA 
controls actin-myosin-dependent cell contractility 
and cellular motility and activates STAT3 to promote 
tumorigenesis. Fusions involving RHO-family GTPase-
activating proteins (CLDN18 and ARHGAP26, which are 
involved in junction adhesion structures and cellular 
motility, respectively) were enriched in the GS subtype 
and are mutually exclusive to RHOA mutations. The 
chimeric protein resulting from this fusion impacts 
cellular adhesion and may contribute to the invasive 
phenotype of the diffuse-type histology of GC. 

The CIN subtype represents the largest group and 
accounts for 50% of GC cases. It has a predilection 
for the gastroesophageal junction, is associated with 
intestinal-type histology, and exhibits the highest 
rates of ERBB2 amplification among the molecular 
subtypes. Elevated rates of EGFR amplification and 
TP53 mutation have also been demonstrated, which 
is consistent with the marked aneuploidy found in this 
subtype. 

Among the patients evaluated in the TCGA study, 
survival did not differ among the four molecular 
subtypes[6]. When comparing the distribution of 
subtypes between Western and Eastern patients, we 
observed a similar distribution in both populations. 
Notably, this comparison was made considering 
only Vietnam and South Korea as Eastern countries. 
Additional studies of larger samples of patients are 
needed to clarify the relationships of geographic 
regions and ethnic characteristics with the biological 
profile of GC.

The TCGA study data proposed the classification 
of gastric cancer into four distinct subtypes, but 
this classification would benefit from validation by 
additional studies, especially the assessment of 
prognosis and predictive value. From a clinical point of 
view, as well as the molecular classification of breast 
cancer, more accessible surrogate markers than DNA 
sequencing, such as immunohistochemistry, need 
to be identified. Furthermore, the predictive value of 
these molecular subtypes needs to be evaluated to 
guide therapeutic decisions.

Genetic and epigenetic 
abnormalities
The identification of driver mutations and the recog­
nition of the complex relationship between genetic and 
epigenetic alterations are the first steps towards the 
realization of genome-guided personalized therapy. In 
recent years, several genetic abnormalities have been 
demonstrated in GC, which consequently identified 
potential therapeutic targets. These discoveries were 
facilitated by exome sequencing studies but relied 
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of the monoclonal antibody trastuzumab to standard 
chemotherapy on the overall survival of patients with 
advanced GC. The addition of trastuzumab to cisplatin 
plus fluoropyrimidines for the treatment of HER2-
positive patients reduced the relative risk of death by 
26% (HR = 0.74, 95%CI: 0.60-0.91), permitting an 
increase in overall survival from 11.1 mo to 13.8 mo[5]. 
In an exploratory analysis, the risk reduction was 
more pronounced in the HER2-enriched population, 
which exhibited 3+ or 2+ immunohistochemistry and 
FISH-positive status. In this population, the addition of 
trastuzumab improved survival from 11.8 mo to 16.0 
mo (HR = 0.65, 95%CI: 0.51-0.83). The ToGA study 
ushered in the era of targeted therapy for advanced 

on small patient samples. Thus, the global molecular 
portrait of GC remains incomplete.

Several genetic abnormalities and driver mutations 
have been described, and some of these abnormalities 
have been recognized, validated, and demonstrated 
to be targetable, including in completed and pro­
mising ongoing clinical trials (Figure 1 and Table 1). 
Furthermore, the rates of genetic and epigenetic 
abnormalities and driver mutations appear to differ by 
GC molecular subtype[6] (Figure 2).

EGFR family
The epidermal growth factor receptors HER1 (also 
denoted EGFR), HER2, HER3 and HER4 comprise the 
EGFR family[24,25]. Except for HER3, these receptors all 
share the same molecular structure: an extracellular 
domain that binds to the ligand, a transmembrane 
portion, and an intracellular domain with tyrosine 
kinase activity[26]. The binding of different ligands 
to the extracellular domains triggers intracellular 
signaling reactions involved in cell differentiation, 
proliferation and survival. The binding of the ligand 
to the extracellular domain induces the HER1 homo­
dimerization and heterodimerization of the remaining 
receptors, especially HER2.

The first biomarker with demonstrated predictive 
value in the treatment of GC was HER2. Approximately 
22% of patients are estimated to overexpress HER2 
or amplify ERBB2[5]. Specifically, ERBB2 amplification 
(24%) appears to be prevalent in the CIN subtype[6]. 
The prognostic value of HER2 remains controversial[27], 
but meta-analysis data suggest that patients harboring 
this gene amplification have a worse prognosis[28,29]. 
The ToGA study evaluated the impact of the addition 
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Table 1  Targeted therapies in advanced gastric cancer 
investigated in clinical trials

Target Drug Study phase Status

HER2 Trastuzumab Phase Ⅲ Available results[5]

T-DM1 Phase Ⅱ Ongoing (NCT01702558)
Phase Ⅲ Ongoing (NCT01641939)

Lapatinib Phase Ⅲ Available results[32] 
Phase Ⅲ Available results[33]

HER2/HER3 Pertuzumab Phase Ⅱ Available results[31]

Phase Ⅲ Ongoing (NCT01774786)
EGFR Cetuximab Phase Ⅲ Available results[37]

Panitumumab Phase Ⅲ Available results[38]

Nimotuzumab Phase Ⅱ1 Available results[39]

Erlotinib Phase Ⅱ Available results[40]

VEGF Bevacizumab Phase Ⅲ Available results[52]

VEGFR-2 Ramucirumab Phase Ⅲ Available results[18]

Phase Ⅲ Available results[19]

Phase Ⅱ1 Available results[53]

Phase Ⅲ Ongoing (NCT02314117)
Apatinib Phase Ⅲ Available results[54]

PIK3/Akt/
mTOR

Everolimus Phase Ⅲ Available results[61]

Phase Ⅲ Ongoing (NCT01248403)
Phase I Ongoing (NCT01049620)

MK-2206 Phase Ⅱ Ongoing (NCT01260701)
BYL719 Phase I Ongoing (NCT01613950)

FGFR2 Dovitinib Phase I/Ⅱ Ongoing (NCT01921673)
Phase Ⅱ Ongoing (NCT01719549)

AZD4547 Phase Ⅱ1 Available results[68]

MET Rilotumumab Phase Ⅱ Available results[73]

Phase Ⅲ Available results[74]

Phase Ⅲ Available results[75]

Onartuzumab Phase Ⅲ Available results[72]

Foretinib Phase Ⅱ Available results[71]

Tivantinib Phase Ⅱ Available results[76]

PD-L1 Pembrolizumab Phase Ib Available results[84]

Phase Ⅱ Ongoing (NCT02335411)
CTLA-4 Tremelimumab Phase I/Ⅱ Ongoing (NCT02340975)
JAK2 AZD1480 Phase I Ongoing (NCT01219543)
PARP Olaparib Phase Ⅲ Ongoing (NCT01924533)

1Randomized phase Ⅱ trials. HER2: Human epidermal growth factor 
receptor 2; HER3: Human epidermal growth factor receptor 3; EGFR: 
Epidermal growth factor receptor; VEGF: Vascular endothelial growth 
factor; VEGFR: Vascular endothelial growth factor receptor; PIK3CA/
AKT/mTOR: Phosphatidylinositol 3-kinase CA/AKT/Mammalian 
target of rapamycin; FGFR2: Fibroblast growth factor receptor 2; MET: 
Mesenchymal-epithelial transition; PD-L1: Programmed cell death-ligand 
1; JAK2: Janus kinase 2; PARP: Poly (adenosine diphosphate [ADP]–
ribose) polymerase.

Genetic abnormalities in gastric cancer

Other
9%PD-1/PD-L

3%
JAK2
3%

MET
6%

KRAS
9%

FGFR2
9%

HER3
15%

HER2
22%

PIK3CA/AKT
24%

Figure 1  Proportion of genetic abnormalities in gastric cancer. PIK3CA/
AKT: Phosphatidylinositol 3-kinase CA/AKT; HER2: Human epidermal growth 
factor receptor 2; HER3: Human epidermal growth factor receptor 3; FGFR2: 
Fibroblast growth factor receptor 2; KRAS: Kirsten rat sarcoma oncogene; 
MET: Mesenchymal-epithelial transition; JAK2: Janus kinase 2; PD-1/PD-L1: 
Programmed cell death-1/ Programmed cell death-ligand 1.
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GC, allowing the inclusion of the first monoclonal 
antibody in the therapeutic arsenal, which led to the 
approval of the drug in several countries.

The lack of tyrosine kinase activity in HER3 initially 
suggested that this receptor is of minor importance 
in cell proliferation and differentiation, but increasing 
evidence has demonstrated its role as an important 
regulator of HER2 activity[26]. The benefit demonstrated 
by the addition of pertuzumab - a drug that inhibits 
HER2-HER3 heterodimerization - to trastuzumab 
in the treatment of HER2-positive breast cancer 
supports the importance of this heterodimer in the 
proliferation of tumor cells with HER2 overexpression 
and/or amplification. These findings identify this new 
monoclonal antibody as a potentially effective agent in 
the treatment of GC[30]. ERBB3 amplification appears 
to be absent in GS-molecular subtype[6]. A phase Ⅱ 
trial has shown that the combination of pertuzumab 
with trastuzumab, capecitabine and cisplatin yielded 

promising in patients with advanced GC[31], and a 
phase Ⅲ clinical trial is ongoing (clinicaltrials.gov 
NCT01774786). Studies evaluating T-DM1 in HER2-
positive advanced GC are currently underway, both 
in a phase Ⅱ trial in association with capecitabine 
(clinicaltrials.gov NCT01702558) and in a phase Ⅲ trial 
comparing T-DM1 with taxane after the failure of first-
line chemotherapy and trastuzumab (clinicaltrials.gov 
NCT01641939). Strategies to inhibit the HER2 pathway 
using lapatinib, a tyrosine kinase inhibitor of HER1 
and HER2 receptors, have been unsuccessful. When 
added to paclitaxel as a second-line therapy for HER2-
positive Asian patients, lapatinib did not improve overall 
survival (11.0 mo vs 8.9 mo, HR = 0.84, 95%CI: 
0.64-1.11) in a phase Ⅲ trial (TyTAN study), despite 
increasing the response rates (27% vs 9%, OR = 3.85, 
95%CI: 1.80-8.87)[32]. In a first-line setting, lapatinib 
also did not improve the overall survival of HER2-
positive advanced GC patients when combined with 
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Figure 2  Proportion of genetic abnormalities in distinct gastric cancer subtypes. EBV: Epstein-Barr-positive; MSI: Microsatellite-instability; GS: Genomically 
stable; CIN: Chromosomal instability; PIK3CA/AKT: Phosphatidylinositol 3-kinase CA/AKT; HER2: Human epidermal growth factor receptor 2; HER3: Human 
epidermal growth factor receptor 3; FGFR2: Fibroblast growth factor receptor 2; KRAS: Kirsten rat sarcoma oncogene; MET: Mesenchymal-epithelial transition; JAK2: 
Janus kinase 2; PD-1/PD-L1: Programmed cell death-1/programmed cell death-ligand 1.
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capecitabine and oxaliplatin in a placebo-controlled, 
multicenter phase Ⅲ study (LOGiC study) (clinicaltrials.
gov NCT00680901)[33].

EGFR (HER1) is overexpressed in a variable 
proportion of patients with GC, but gene amplification 
is found in only a small portion of patients (2%)[34-36]. 
Strategies to inhibit the EGFR pathway using both 
monoclonal antibodies and tyrosine kinase inhibitors 
for the treatment of GC have yielded disappointing 
results. Specifically, randomized trials of cetuximab[37], 
panitumumab[38], nimotuzumab[39] and erlotinib[40] in 
an unselected population of patients showed no clinical 
benefit. However, evaluation in an enriched population 
may reveal new findings.

VEGF and VEGFR
VEGF is a key mediator of physiologic and pathologic 
angiogenesis[41]. Its activities are mediated by two 
receptor tyrosine kinases, VEGFR-1 and VEGFR-2. 
VEGF- and VEGFR-2-mediated signaling seems to 
play an important role in the pathogenesis of GC[42,43].

Bevacizumab, a monoclonal antibody that targets 
VEGF-A, exhibits clinical activity in many solid tumors, 
such as colon cancer[44], lung cancer[45], breast 
cancer[46], glioblastoma[47], ovarian cancer[48,49] and 
cervical cancer[50]. Furthermore, based on compelling 
results in experimental models and phase Ⅱ trial[51], it 
was evaluated in a first-line setting for the treatment 
of advanced GC. Specifically, it was added to standard 
therapy consisting of cisplatin and fluoropyrimidines 
in a phase Ⅲ trial (AVAGAST study)[52]. This trial 
failed to show significant changes in overall survival 
in the overall population in response to the addition 
of bevacizumab (12.1 mo with bevacizumab vs 10.1 
mo with placebo, HR = 0.87, 95%CI: 0.73-1.03), 
but populations with diverse geographical and ethnic 
backgrounds derived different benefits from the use 
of this anti-angiogenic agent. Specifically, subgroup 
analysis showed that bevacizumab improved overall 
survival in Pan-American patients (11.5 mo vs 6.8 
mo, HR = 0.63, 95%CI: 0.43-0.94), whereas Asian 
(HR = 0.97) and European patients (HR = 0.85) 
derived no benefit. Notably, bevacizumab improved 
progression-free survival (6.7 mo vs 5.3 mo, HR = 
0.80, 95%CI: 0.68-0.93) and the overall response rate 
(46% vs 37.4%, P = 0.0315) in the overall population, 
maintaining the hypothesis that angiogenesis pathway 
inhibition may be an important therapeutic target and 
should be further explored.

Ramucirumab, a fully human IgG1 monoclonal 
antibody VEGFR-2 antagonist that prevents ligand-
binding and receptor-mediated pathway activation in 
endothelial cells, was evaluated in a phase Ⅲ, placebo-
controlled trial as a second-line therapy for advanced 
GC patients who had progressed after standard therapy 
consisting of platinum-fluoropyrimidines (REGARD 
study)[18]. This monoclonal antibody improved overall 
survival (5.2 mo vs 3.8 mo, HR = 0.77, 95%CI: 

0.60-0.99), progression-free survival (2.1 mo vs 1.3 
mo, HR = 0.48) and duration of disease control (4.2 
mo vs 2.9 mo, P = 0.036). Based on the positive 
results of the REGARD study, ramucirumab was also 
evaluated in a second-line setting in association with 
paclitaxel in a phase Ⅲ trial compared with paclitaxel 
plus placebo (RAINBOW study)[19]. Ramucirumab plus 
paclitaxel improved overall survival (9.6 mo vs 7.4 
mo, HR = 0.80, 95%CI: 0.67-0.96), progression-
free survival (4.4 mo vs 2.9 mo, HR = 0.63, 95%CI: 
0.53-0.75) and disease control (80% vs 64%, P < 
0.001). Both of these studies validate the role of 
VEGFR-2 as an important therapeutic target in GC. 
Similar to the AVAGAST study, the RAINBOW study 
showed that anti-angiogenic agents did not benefit 
Asian patients. This finding may be due to the post-
study therapies that are commonly used in Eastern 
countries[19,52]. However, genetic and epigenetic 
alterations associated with geographical and ethnic 
backgrounds may also be responsible for these 
differences. Thus, a biomarker that would permit the 
use of both bevacizumab and ramucirumab in enriched 
populations needs to be identified; this biomarker 
may allow angiogenesis inhibitors to be used to 
a maximum benefit. Motivated by these results 
involving ramucirumab, the RAINFALL study, a phase 
Ⅲ trial evaluating the association of ramucirumab 
with cisplatin plus capecitabine in a first-line setting 
of patients with advanced disease (clinicaltrials.gov 
NCT02314117), is ongoing, despite the unsuccessful 
results of a placebo-controlled, randomized phase 
Ⅱ trial that evaluated ramucirumab associated with 
FOLFOX as a first-line therapy[53].

Apatinib, a tyrosine kinase inhibitor that selectively 
inhibits VEGFR-2, was also evaluated in a placebo-
controlled, phase Ⅲ trial involving previously treated 
advanced GC patients. Improvements in overall survival 
(195 d vs 140 d, HR = 0.71, 95%CI: 0.54-0.94) and 
progression-free survival (78 d vs 53 d, HR = 0.44, 
95%CI: 0.33-0.61) were demonstrated[54]. These 
findings, together with the aforementioned results 
obtained using ramucirumab, reinforce the role of 
VEGFR-2 as a therapeutic target in advanced GC.

PIK3CA/Akt pathway
Phosphatidylinositol 3-kinases (PIK3s) are hetero­
dimeric lipid kinases that consist of several regulatory 
subunits. In response to stimulation by growth factors, 
PIK3CA, which encodes the p110alpha catalytic 
subunit of PIK3, activates downstream effectors, 
including pAkt and mTOR[55]. PIK3CA amplification 
contributes to cell proliferation and survival in gastric 
tumorigenesis by activating the PIK3/pAkt pathway[56]. 
PIK3CA mutations have been detected at various 
frequencies in the overall population of GC patients 
(4%-15%)[57-59], and these mutations appear to be 
widely distributed among molecular subtypes, with 
the highest incidence in the EBV subtype (80%) and 
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the lowest incidence in the CIN subtype (3%)[6].
Clinical trial results evaluating PIK3/pAkt pathway 

inhibitors in GC are not available. Ongoing clinical trials 
of Akt inhibitors, such as MK-2206, as a second-line 
therapy are ongoing in a phase Ⅱ study of advanced 
GC (clinicaltrials.gov NCT01260701). Because PIK3 
mutations can induce resistance to HER2 inhibition, 
MK-2206 is also being tested in association with 
lapatinib and trastuzumab in HER2-positive GC patients 
(clinicaltrials.gov NCT01705340). BYL719, another 
PIK3 inhibitor, is under evaluation in association 
with AUY922, a HSP90 inhibitor, in a phase Ⅰ trial of 
patients who harbor molecularly altered PIK3 or exhibit 
ERBB2 amplification (clinicaltrials.gov NCT01613950).

The PI3K/Akt/mTOR pathway is activated in several 
solid tumors and is estimated to be activated in up 
to 60% of GC patients[60] via PTEN loss-of-function 
or PIK3CA-activating mutations. Everolimus, a well-
known mTOR inhibitor, has been studied in a placebo-
controlled, phase Ⅲ trial in advanced GC patients 
who failed standard therapies (GRANITE-1 study)[61]. 
However, everolimus did not confer an overall survival 
benefit over BSC in this study (5.4 mo vs 4.3 mo, 
HR = 0.90, 95%CI: 0.75-1.08). Biomarkers that can 
identify patients for whom everolimus is beneficial have 
been elusive, and the results of the biomarker analysis 
of the GRANITE-1 study are awaited. Despite the initial 
disappointing results, strategies for PI3K/Akt/mTOR 
pathway inhibition are currently under investigation, 
such as everolimus in combination with capecitabine 
and oxaliplatin in a phase Ⅰ study (clinicaltrials.gov 
NCT01049620) and everolimus in combination with 
paclitaxel in a phase Ⅲ trial in a second-line setting 
(clinicaltrials.gov NCT01248403).

Fibroblast growth factor receptor 2
Fibroblast growth factor receptor (FGFR) is a member of 
the transmembrane receptor tyrosine kinase family[62,63], 
which is represented by four members (FGFR1-4) 
that are involved in cell signaling by interacting with 
fibroblast growth factors (FGFs). The activation of 
FGFRs by FGFs leads to the autophosphorylation and 
activation of several downstream signaling pathways, 
including mitogen-activated protein kinase and PIK3/
Akt/mTOR/p70S6kinase, which are crucial effectors 
in oncogenic signaling[62]. Studies have demonstrated 
FGFR2 amplification in 4% to 6% of GC patients, and 
this amplification seems to be a prognostic factor 
because patients harboring this genetic alteration exhibit 
a poor survival rate[64,65]. FGFR2 amplification seems to 
be absent in EBV-positive molecular subtype tumors[6]. 
FGFR2 inhibitors, such as ponatinib[66], dovitinib[67] and 
AZD4547[63], have demonstrated activity against FGFR2-
amplified cell lines in vitro. AZD4547 was compared with 
paclitaxel in a randomized phase Ⅱ trial of 71 advanced 
GC patients with FGFR2 amplification who had failed 
first-line therapy. Improvement in progression-free 
survival with the use of this FGFR2 inhibitor were not 

observed (1.8 mo on AZD4547 vs 3.5 mo on paclitaxel 
arms)[68]. Dovitinib is being evaluated as a monotherapy 
in a phase Ⅱ trial of patients with previously treated 
advanced disease who harbor FGFR2 polysomy or 
amplification (clinicaltrials.gov NCT01719549). It is 
also being evaluated in association with docetaxel as a 
second-line therapy in a phase I/Ⅱ trial, irrespective of 
FGFR2 status (clinicaltrials.gov NCT01921673).

Mesenchymal-epithelial transition
Mesenchymal-epithelial transition (MET) receptor is 
also a transmembrane receptor tyrosine kinase and 
belongs to the hepatocyte growth factor (HGF) receptor 
family[62]. Approximately 2% to 4% of GC patients are 
estimated to present MET-amplification[69-71], which 
seems to confer poor prognosis[70]. Its amplification 
seems to be absent in EBV-positive and GS molecular 
subtypes[6]. In a report of four GC patients with 
advanced disease and MET-amplification, the tumors 
of two patients responded to crizotinib for a limited 
time[70]. The use of foretinib in MET-amplified GC 
patients was also disappointing because none of the 69 
patients responded to this tyrosine kinase inhibitor[71]. 
The strategy to target MET using monoclonal antibodies 
that bind to the MET receptor or the circulating ligands 
for MET, such as hepatocyte growth factor, have also 
been disappointing. Onartuzumab, a MET antibody, 
was tested in association with mFOLFOX6 in a phase Ⅲ 
trial of HER2-negative, MET-positive patients based on 
immunohistochemistry. The enrollment of this trial was 
stopped early due to negative final results from a phase 
Ⅱ trial assessing mFOLFOX6 plus onartuzumab. This 
monoclonal antibody did not improve overall survival (11.0 
mo vs 11.3 mo, HR = 0.82) or progression-free survival 
(6.7 mo vs 6.8 mo, HR = 0.90)[72]. Rilotumumab, a fully 
monoclonal antibody that targets HGF, showed promising 
results in association with ECX (epirubicin, cisplatin 
and capecitabine) in a randomized, placebo-controlled 
phase Ⅱ trial[73], which motivated the initiation of phase 
Ⅲ trials. The RILOMET-1 trial was a phase Ⅲ study of 
MET-positive GC patients with advanced disease that 
compared ECX plus rilotumumab or placebo as a first-
line therapy. This trial was closed prematurely due 
to the higher number of deaths in the rilotumumab 
arm[74]. Overall survival (9.6 mo vs 11.5 mo, HR = 
1.37, 95%CI: 1.06-1.78), progression-free survival 
(5.7 mo vs 5.7 mo, HR = 1.30, 95%CI: 1.05-1.62) 
and response rate (30% vs 39%, OR = 0.67, 95%CI: 
0.46-0.96) were worse in the rilotumumab arm. 
Rilotumumab was also evaluated in association with 
mFOLFOX6 in a randomized phase Ⅱ trial (MEGA trial) 
of 162 unselected patients with advanced GC. Adding 
this monoclonal antibody was more toxic and not more 
effective than mFOLFOX6 alone[75].

Tivantinib, a selective small-molecule inhibitor of 
MET, was also evaluated in a single-arm phase Ⅱ study 
of Asian patients with previously treated advanced 
GC[76]. None of the 30 patients presented objective 

1166 January 21, 2016|Volume 22|Issue 3|WJG|www.wjgnet.com

Jácome AA et al . Personalized medicine in gastric cancer



responses and no correlation was identified between 
efficacy and biomarkers, including gene amplification 
of MET, expression of MET, expression of p-Met and 
expression of HGF.

PD-1/PD-L1, PD-L2 pathway
The blockade of immune checkpoints is one of the 
most promising approaches to activating therapeutic 
antitumor immunity. The most extensively described 
immune checkpoints are the Cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) and Programmed cell 
death 1 (PD-1) receptors, which are linked to inhibitory 
pathways in the immune system and are crucial 
for maintaining self-tolerance and modulating the 
physiological immune responses to minimize collateral 
tissue damage[77]. PD-1 binds two ligands: PD-L1 and 
PD-L2. Therapeutic strategies to block the CTLA-4 and 
PD-1 pathway, both alone and in combination, have 
been successful in metastatic melanoma[78-80] and 
are promising for the treatment of other malignant 
neoplasms.

Elevated PD-L1 and PD-L2 expression has been 
demonstrated in EBV-positive GC[6]. In an unselected 
GC population, PD-L1 was overexpressed in 42%-50% 
of patients[81,82], and this overexpression correlated 
with poor survival rates[82]. The inhibition of PD-L1 
in GC using monoclonal antibodies was explored in 
experimental models[83] and evaluated in a phase Ib 
trial, which demonstrated an antitumor activity of 
pembrolizumab in an enriched PD-L1-positive population 
consisting of 39 GC patients[84]. Pembrolizumab is also 
currently being tested in a phase Ⅱ study evaluating its 
efficacy in previously treated HER2-negative advanced 
GC (clinicaltrials.gov NCT02335411). The inhibition of 
CTLA-4 by tremelimumab is also being investigated in in 
a phase Ib/Ⅱ trial of GC patients with refractory disease 
(clinicaltrials.gov NCT02340975).

The Janus kinase 2
The Janus kinase (JAK) family of proteins consists 
of non-receptor tyrosine kinases that phosphorylate 
cytoplasmic targets, including the signal transducers 
and activators of transcription (STATs)[85]. The JAK/STAT 
pathway mediates signaling via cytokines, which is 
required for cell proliferation, survival and differentiation. 
JAK2 is a member of this family, and its mutation is 
a well-known genetic alteration in myeloproliferative 
disorders[86]. In GC, JAK2 overexpression seems to be 
enriched in the EBV-molecular subtype[6]. The inhibition 
of the JAK2/STAT3 pathway with WP1066 reduced 
GC growth in experimental models and may form the 
basis for further clinical studies[87]. The clinical use of 
a JAK2 inhibitor, AZD1480, has been evaluated in a 
phase I, dose-escalation study of Asian patients with 
solid malignancies, including GC (clinicaltrials.gov 
NCT01219543).

Poly (adenosine diphosphate [ADP]-ribose) polymerase
Poly (adenosine diphosphate [ADP]-ribose) polymerase 
(PARP) plays an essential part in the repair of single-
stranded DNA breaks via the base excision-repair 
pathway, and it has been proposed to maintain the 
low-fidelity nonhomologous end joining DNA repair 
machinery[88]. Thus, PARP inhibition leads to the 
formation of double-stranded DNA breaks that cannot 
be accurately repaired in tumors with a homologous 
recombination deficiency, a concept known as synthetic 
lethality[88]. PARP inhibitors have been evaluated in 
ovarian[88,89] and breast cancer[90] BRCA 1/2-deficient 
patients. Olaparib is a potent oral PARP inhibitor that 
induces synthetic lethality in BRCA1/2-deficient tumor 
cells, and it is currently being evaluated in a phase Ⅲ 
trial of advanced gastric cancer patients who have failed 
first-line therapy (clinicaltrials.gov NCT01924533).

CONCLUSION
In recent years, the molecular biology of GC has been 
elucidated, highlighting the enormous heterogeneity of 
the disease and its complex interplay between genetic 
and epigenetic alterations.

The predictive value of the overexpression and/or 
amplification of HER2 demonstrated by the ToGA 
study[5], which allowed the incorporation of trastuzumab 
in the therapeutic arsenal of the disease, was the first 
step toward greater therapy individualization. Likewise, 
several trials concluded and ongoing trials demonstrate 
or suggest the predictive value of other biomarkers 
before new drugs are incorporated into clinical practice.

The demonstration of four distinct molecular GC 
subtypes by the TCGA study constitutes a great leap 
forward in patient stratification and the development 
of targeted therapies[6]. The reproducibility of these 
findings in other populations would further improve 
these data. Specifically, new targetable driver 
mutations and genetic abnormalities beyond HER2 
need to be identified. The recognition of subtypes 
of the disease with unique gene expression profiles 
that are enriched for certain biomarkers provides a 
roadmap to implement genome-guided personalized 
therapy for GC.
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