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        Introduction    

 Clinical applications of genomic medicine and molecular 
diagnostics based on testing of tumor tissues are becoming a 
reality in clinical practice, with signi fi cant impact on person-
alized therapies for cancer patients. Advances in targeted 
therapies for cancers of the gastrointestinal tract have recently 
emerged and are rapidly moving targets. In this chapter, we 
review the targeted therapies that are currently standard of 
practice in colorectal and gastric cancers, requiring speci fi c 
molecular testing for selection of candidate patients for 
therapy.  

  Gastric and Gastroesophageal Cancers 

  EGFR Pathways 

 The epidermal growth factor receptor (EGFR) family of 
transmembrane receptor tyrosine kinases includes four mem-
bers: HER1 (also known as the EGFR and ErbB-1), HER2 
(p185, HER2/neu, ErbB-2), HER3 (ErbB-3), and HER4 
(ErbB-4). The molecular structures of EGFRs comprise an 
extracellular ligand-binding domain, a short transmembrane 

domain, and an intracellular domain with tyrosine kinase 
(TK) activity, except HER3. The binding of different ligands, 
including epidermal growth factor (EGF) and TGF-alpha to 
the extracellular domain, initiates a signal transduction cas-
cade that elicits cell cycle progression, cell proliferation, 
anti-apoptotic signals, and survival, adhesion, migration, and 
differentiation. 1  Ligand binding to the EGFR extracellular 
domain induces EGFR homodimerization as well as het-
erodimerization with other types of HER proteins. HER2 
does not bind to any known ligand, but it is the preferred 
heterodimerization partner for other members of the HER 
family. Ligand binding to EGFR followed by dimerization 
results in phosphorylation of the intracellular tyrosine kinase 
which triggers a series of intracellular signals including the 
activation of mitogen-activated kinase (MAPK): (KRAS/
NRAS/RAF/MEK/ERK) or the phosphatidylinositol-3 kinase 
(PI3K) (PI3K/PTEN/AKT/mTOR) pathways (reviewed in 2 ; 
Fig.  2.1 ).  

  Targeting HER2 Receptors 
 The human epidermal growth factor receptor 2 (Her2 or 
ErbB-2) was  fi rst described in gastric cancer in 1986. 3  HER2 
has no known ligand (orphan receptor), and preferentially 
heterodimerizes with HER3, which lacks intrinsic tyrosine 
kinase activity. The HER2 and the HER2/HER3 heterodim-
ers are likely to be the most effective complex for activating 
downstream pathways. 4  ,  5  

 Overexpression and ampli fi cation of HER2 have been 
described in 6–35% of gastric and gastroesophageal junction 
(GEJ) adenocarcinomas. 6  -  9     Up to about a third of all GEJ 
adenocarcinomas and a quarter of non-GEJ gastric cancers 
have HER2 overexpression. 

 Importantly, as in breast cancer, HER2 overexpression 
has been linked to prognosis in gastric cancer. An early 
Japanese study showed 5-year survival rates of 11% and 
50% for HER2-positive vs. HER2-negative gastric cancer, 
respectively. 10  Another study showed that HER2 was an 
independent prognostic marker in resected gastric cancer, 
and overall survival was signi fi cantly associated with HER2 
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expression levels. 8  HER2/neu-positivity rates have been 
reported to be more frequent in intestinal type gastric cancer 
(21.5%) than in diffuse gastric cancer (2%) or mixed types 
(5%). 6  Overall, HER2/neu ampli fi cation in gastric carcinoma 
is associated with poor outcome 6  ,  11  and has been shown to be 
an independent prognostic factor. 12  

 Trastuzumab is a monoclonal antibody that speci fi cally 
targets HER2 protein by directly binding the extracellular 
domain of the receptor. Trastuzumab enhances survival rates 
in both primary and metastatic HER2-positive breast cancer 
patients. The ef fi cacy of trastuzumab in breast cancer has led 
to investigation of its antitumor activity in patients with other 

HER2-positive cancers, including gastric and GEJ adenocar-
cinomas. In preclinical studies, treatment with trastuzumab 
inhibited growth of gastric cancer cell lines. 6  Based on the 
preclinical data in gastric cancer and clinical evidence in 
breast cancer, early phase trials of trastuzumab in metastatic 
gastric cancer wherein tumors overexpressed HER2 were 
conducted and the antibody therapy was shown to confer 
improved clinical outcomes. Thereafter, a large randomized 
phase 3 clinical trial (the ToGA trial) was concluded, 
de fi nitively establishing the utility of targeting HER2 in 
advanced gastric cancer. 13  In this study, metastatic gastric or 
gastroesophageal adenocarcinoma cases where the tumor 
overexpressed HER2 were randomized to receive standard 
chemotherapy (a  fl uoropyrimidine [5- fl uorouracil or capecit-
abine] and platinum combination) with or without trastu-
zumab. 13  Overall survival was improved in the trastuzumab 
arm, with little added toxicity. Median overall survival was 
13.8 months in those assigned to trastuzumab plus chemo-
therapy compared with 11.1 months in those assigned to che-
motherapy alone (HR 0.74,  p  = 0.0046). Therefore, testing 
HER2 and adding trastuzumab to the chemotherapy regimen 
for HER2-positive tumors have become the standard of care 
for advanced gastric adenocarcinoma. In this trial, a HER2 
scoring system modi fi ed from the protocol in breast cancer 
was used: a score of immunohistochemistry (IHC) 3+ and/or 
 fl uorescent in situ hybridization (FISH) positive 
(HER2:CEP17 ratio  ³ 2) was de fi ned as HER2 positive. The 
study reported an overall HER2-positivity rate of 22.1% 
evaluated from 3,665 patients. 13  An example of HER2-
positive tumor by IHC and FISH is shown in Fig.  2.1 . 

 Criteria for interpretation of HER2 modi fi ed for gastric 
and GEJ adenocarcinoma have been recently reviewed. 14  –  19  
Studies have shown good correlation of HER2 expression in 
primary vs. metastatic carcinoma lesions. 20  Notably, HER2 
overexpression is already observed in early gastric cancers. 21  
Heterogeneity of HER2 expression occurs frequently in gas-
tric and GEJ adenocarcinoma; however, testing is often done 
in biopsies when no resection specimen is available. 16  The 
College of American Pathologists (CAP) reviewed current 
guidelines for interpretation of HER2 expression. 13  ,  14  ,  19  ,  22  
Importantly, criteria for interpreting HER2 IHC on gastric 
and GEJ carcinomas differ signi fi cantly from the criteria 
used in breast cancer. First, gastric carcinoma interpretation 
criteria use 10% tumor cell staining as a cutoff to distinguish 
negative from 1+. In gastric carcinoma, the distinction 
between 1+, 2+, and 3+ depends on the intensity of staining 
presuming that more than 10% of tumor cells show HER2 
expression (Table  2.1 ). Second, gastric cancers only show 
expression along the basolateral or lateral cell membranes, 
while apical membranes are negative. Therefore, the criteria 
for 2+ and 3+ staining in gastric cancer require only lateral 

  Fig. 2.1    Immunohistochemistry and FISH for HER2 in gastric adeno-
carcinoma. ( a ) Immunohistochemistry for HER2 shows a positive (3+) 
moderately differentiated adenocarcinoma. ( b ) FISH analysis reveals 
positive HER2 ampli fi cation by FISH ( red dots ). Courtesy of Dr. Paul 
Zhang MD, University of Pennsylvania       
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or basolateral staining, in contrast to breast cancer criteria 
which require complete, circumferential staining. Third, the 
criteria for HER2 overexpression differ when interpreting 
biopsy and resection specimens due to heterogeneity of 
HER2 expression in gastric and gastroesophageal junction 
carcinomas (Table  2.1 ).     

  Colon Cancer 

  Molecular Testing of Colorectal Cancers 
for Targeted and Conventional Therapy 

 Molecular testing of colorectal cancer (CRC) tissues has 
important implications for treatment selection in these 
patients. We will discuss recently introduced therapy 
approaches that use information from molecular testing of 
CRC tumor tissues for selection of individualized therapy, 
representing the principles of personalized tumor diagnostics 
and targeted therapy. One application of tissue molecular test-
ing discussed here considers the DNA mismatch repair status 
of CRC and takes into consideration the mutational status of 
the EGFR signaling pathway to select targeted therapy. 

  DNA Mismatch Repair Defects and Microsatellite 
Instability 
 Approximately 15% of all CRCs show underlying defects in 
DNA mismatch repair (dMMR) and the tumor tissues show 
microsatellite instability (MSI), discussed in detail in 
Chaps.   1    ,   7    , and   8    . In 3–5% of MSI-positive CRC patients 
harbor germline mutations related to the Lynch syndrome 
and the remaining 12% or so are sporadic-type CRC cases. 23  
Microsatellites are short tandem repeats of nucleotides that 
occur throughout the genome. In cells with de fi cient 

 mismatch repair, errors in DNA replication accumulate and 
are detectable in these regions, identi fi ed as microsatellite 
instability (MSI). 24  –  26  Therefore, MSI, particularly when a 
tumor is identi fi ed to have a high level of MSI (MSI-H), acts 
as a marker of de fi cient MMR. 24  MSI-positive status corre-
lated with the tumors being in the proximal colon and with 
improved survival. 26  This was soon followed by the 
identi fi cation of the genes responsible for hereditary non-
polyposis colorectal cancer (HNPCC)  MSH2  27  ,  28  and 
 MLH1.  29  ,  30  Subsequently, MSI has been shown to play a role 
in sporadic colorectal  cancers also. 31  In humans, at least six 
different genes ( MSH2 ,  MLH1 ,  PMS1 ,  hPMS2 ,  MSH6 , and 
 MLH3 ) encode the mismatch repair system. 32  In hereditary 
defects, recessive mutation of one allele followed by somatic 
inactivation of the other is the mechanism of gene silencing. 33  
In sporadic CRC cases, the most prevalent mechanism of 
MMR gene inactivation is biallelic inactivation by methyla-
tion and transcriptional silencing of the  MLH1  promoter 
region. 34  –  39  Assessment of MSI status can be done by immu-
nohistochemistry to evaluate expression of DNA mismatch 
repair proteins or by PCR-based DNA testing for MSI to 
assess instability at microsatellite sequences. 24  ,  40     Combining 
testing for  BRAF  V600E activating mutation and CpG island 
methylation status of the promoter region of  MLH1  gene 
helps determine whether a MSI-positive tumor with loss of 
 MLH1  expression is likely to be an inherited Lynch syn-
drome/HNPCC tumor ( BRAF  mutation-negative and  MLH1  
promoter methylation-negative) or sporadic-type CRC ( BRAF  
mutation-positive in up to 70% of cases and  MLH1  promoter 
methylation-positive) (reviewed in Chap.   7    ). 

 An interesting aspect of MSI is its distinct relationship to 
colorectal cancer behavior. It was shown in a large series that 
MSI occurs in 17% of colon cancer cases in young (less than 
50 years) individuals and this MSI was associated with a 

  Table 2.1    Criteria for scoring and reporting HER2 expression in gastric and esophageal adenocarcinomas by immunohistochemistry   

 Staining pattern  HER2 expression 
 Interpretation  Resection specimen  Biopsy specimen 

 No reactivity or membranous reactivity in <10% 
of tumor cells 

 No reactivity in any tumor cell  Negative 

 Faint or barely detected membranous reactivity 
in  ³ 10% tumor cells 
 Cells are reactive only in part of their membrane 

 Tumor cell cluster of  ³ 5 cells with faint or barely detected 
membranous reactivity irrespective of percentage of tumor 
cells stained 

 Negative 

 Weak to moderate complete, basolateral, or lateral 
membranous reactivity in  ³ 10% tumor cells 

 Tumor cell cluster of  ³ 5 cells with weak to moderate complete, 
basolateral, or lateral membranous reactivity irrespective of 
percentage of tumor cells stained 

 Equivocal 

 Strong complete, basolateral, or lateral membranous 
reactivity in 10% or more of tumor cells 

 Tumor cell cluster of  ³ 5 cells with strong complete, basolateral, 
or lateral membranous reactivity irrespective of percentage 
of tumor cells stained 

 Positive 

  FISH testing for  HER2  gene ampli fi cation should be performed when the IHC is equivocal (2+). Modi fi ed from the College of American 
Pathologists (CAP) web site 78  and based on studies reported by 13  ,  22   
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lower likelihood of tumor metastasis to regional lymph nodes 
as well as distant organs, leading to an overall survival 
advantage, independent of stage of disease. 41  Another study 
reported that MSI-H tumors were more likely than MSI-low 
level tumors to be in younger individuals, right-sided, poorly 
differentiated with mucin production, and with an overall 
better prognosis. 42  In addition to being a prognostic marker, 
MSI has a predictive role also. 43  While earlier studies did not 
bear this out, 44  improved outcomes were seen with 
 chemotherapy for advanced stage III colorectal cancers that 
were MSI-H. 45  However, another study showed that patients 
with stage II tumors characterized by de fi cient DNA mis-
match repair and therefore an MSI-positive status receiving 
 fl uorouracil (5-FU) had no improvement in disease-free sur-
vival, and in fact, treatment was associated with reduced 
overall survival. 46  Larger trials are needed to determine with 
certainty the utility of these markers for treatment selection 
in routine patient care. 47  However, regimens with 5-FU alone 
should be avoided in patients with stage II CRC who may be 
candidates for chemotherapy.  

  Targeting EGFR Signaling Pathways in CRC 
 Aberrant activation of EGRF signaling pathways is frequent 
in CRC, and is primarily associated with activating mutations 
of genes in these pathways (MAPK and PI3K). Tyrosine 
kinase inhibitors targeting the intracellular domain of the 
EGFR, namely erlotinib and ge fi tinib, have not been shown to 
have meaningful clinical ef fi cacy in this disease, given that 
activating mutations in the  EGFR  gene are not a feature of 
CRC. 48  ,  49  Based on data in the literature, the following are the 
proportions of cases harboring various mutations in EGFR 
pathway genes 50 : MAPKinase pathway:  KRAS  (40–45%), 
 NRAS  (2.5%),  BRAF  (5–10%); PI3Kinase pathway:  PIK3CA  
(15%),  PTEN  (10–20%),  AKT  (5%); and combined mutations: 
 KRAS / NRAS  and  PI3K  (10%). An interesting  fi nding is that in 
CRC as in other tumors,  RAS  and  RAF  mutations are mutually 
exclusive. 51  ,  52  Therefore, together,  BRAF  and  KRAS  are 
mutated in about half of all CRC cases. 

  KRAS  mutations are found in about 40–45% of all colorec-
tal cancers and occur mostly at exon 2 [codon 12 (70–80%) or 
13 (20–30%)], while there are rare mutations in codons 61 
and 146. 53   BRAF  mutations occur most commonly at exon 15 
with thymine to adenine transversion at nucleotide position 
1796, which leads to the substitution of valine for glutamate 
(a substitution mutation termed V600E), and are found in 
about 5–10% of all colorectal cancers 50 . Importantly  BRAF  
V600E mutation occurs in 4–12% of DNA mismatch repair 
pro fi cient tumors (microsatellite stable) and in
40–74% of MSI-H sporadic CRC (MLH1-de fi cient), but is 
not found in MLH1-de fi cient MSI-H CRC in HNPCC/Lynch 
syndrome-associated CRC. 51  ,  54  ,  55  

 Mutations in the PI3K axis are seen in about 20% of all 
colorectal cancer cases. 50  ,  51  Interestingly, mutations across 
the two EGFR signaling axes are not mutually exclusive, and 
about 5% of tumors harbor mutations in genes from both 
arms of the pathway. 51  

 The role of EGFR pathway gene mutations in the clinical 
management of colorectal cancer has been extensively stud-
ied. In terms of prognosis,  KRAS  mutations do not confer a 
poor prognosis by themselves, probably because they appear 
very early in cancer development. 56  –  58  However,  BRAF  muta-
tions confer a signi fi cantly poorer prognosis, as compared to 
wild-type  BRAF  tumors. It is still early to say if PI3K axis 
mutations play a prognostic role in CRC. 56  ,  57  

 More importantly, the EGFR pathway has become an 
important therapeutic target. Cetuximab and panitumumab 
are anti-EGFR antibodies that target the extracellular domain 
of the receptor. They have been shown to improve progres-
sion-free, and in some cases, overall survival in metastatic 
colorectal cancer. 59  A landmark paper by Karapetis et al pub-
lished in 2008 showed that in patients with wild-type  KRAS  
tumors, treatment with cetuximab as compared with support-
ive care alone signi fi cantly improved overall survival 
(median, 9.5 vs. 4.8 months). In contrast, among patients 
with mutated  KRAS  tumors, there was no signi fi cant differ-
ence between those who were treated with cetuximab and 
those who were not. This study concluded that patients with 
a colorectal tumor bearing mutated  KRAS  did not bene fi t 
from cetuximab, whereas patients with wild-type  KRAS  CRC 
did bene fi t from cetuximab therapy. 60   KRAS  mutations ren-
der these agents ineffective, because activated KRAS is 
downstream of EGFR and constitutive activation of the for-
mer leads to independence from the latter 51  ,  60  (Fig.  2.2 ). 
Therefore, given evidence from phase II and III clinical trials 
using monoclonal antibodies as monotherapy or in combina-
tion with chemotherapy for metastatic CRC (Stage IV: any T, 
any N, M1) that tumors with  KRAS  mutation in codons 12, 
13, or 61 did not bene fi t from treatment with cetuximab or 
panitumumab, 61  patients with metastatic CRC who are can-
didates for anti-EGFR antibody therapy should have their 
tumor tested for  KRAS  mutations in a CLIA-accredited 
 laboratory. 61  There is up to 40% response rate to anti-EGFR 
therapy in wild-type CRC while the remainder 60% wild-
type tumors will not respond, presumably due to other gene/
protein alterations in the EGFR or other signaling 
pathways. 61   

 For CRC with an activated mutant  KRAS,  a number of 
drugs that may inhibit downstream signaling molecules (such 
as inhibitors of mTOR, RAF, and MEK) are under evalua-
tion 62  (Fig.  2.2 ). The predictive role of  BRAF  mutational 
studies in CRC is still unclear. While  BRAF  activating muta-
tions should act similar to  KRAS  in terms of predicting 
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response to EGFR antibody therapy, the markedly poor prog-
nosis that a  BRAF  mutation confers, along with the relatively 
low proportion of cases with  BRAF  mutations in clinical tri-
als, makes it dif fi cult to assess this role clearly. 57  Although 
 BRAF  inhibitors have been tested in early studies, larger tri-
als are needed to determine if colorectal cancer will respond 
to these agents in a manner similar to what is now seen in 
melanoma. 63  It has been demonstrated recently that colon 
cancer cells, in contrast to melanoma cells, are unresponsive 
to the BRAF inhibitor vemurafenib by employing rapid feed-
back activation of EGFR, which neutralizes the bene fi t of 
vemurafenib. 64  Therefore, a dual strategy of targeting BRAF 
and EGFR may be needed to effect clinical responses in 
BRAF-mutant CRC. 

 Preclinical data have shown that a  PIK3CA  or  PTEN  
mutation (which leads to constitutive activation of the PI3K 
pathway) causes resistance of cancer cells to cetuximab. 65  
Indirect evidence stems from preclinical work showing that 
 PIK3CA  mutation uncouples cell proliferation signaling 
from the KRAS pathway, leading to failure of inhibitors tar-
geting the MAPK axis. 66  Initially, small studies showed 
con fl icting roles of  PIK3CA  mutation in response to EGFR 
antibodies, 67  ,  68 , but a recent large study has demonstrated that 
 PIK3CA  mutation is associated with poor response to cetux-
imab. 51  Preclinical models indicate that in these tumors, 

inhibition of the PI3K axis may be required to achieve 
 cancer control. Blocking the PI3K pathway in cancer cells 
with activating  PI3KCA  mutations has been shown to inhibit 
cell growth and induce apoptosis. 69  ,  70  A study by de Roock 
et al found that  BRAF ,  NRAS , and  PIK3CA  exon 20 muta-
tions are signi fi cantly associated with a low response rate to 
cetuximab targeted therapy, in that objective response rates 
could be improved by stratifying patients by additional geno-
typing of  BRAF ,  NRAS , and  PIK3CA  exon 20 mutations in a 
 KRAS  wild-type population. 51  ,  71  

 In addition, when mutations in both EGFR pathway axes 
exist, dual inhibition with MEK and AKT/PI3K inhibitors is 
required to control cell growth. 70  ,  72  Thus, work is ongoing on 
various inhibitors of these signal transduction molecules to 
see if collective inhibition of some or all constitutively acti-
vated genes will achieve clinical bene fi t.  

  Molecular Testing for CRC Targeted 
Therapies 
  EGFR  mutational testing is not indicated for CRC since 
activating  EGFR  mutations in CRC are rare and do not 
confer sensitivity to tyrosine kinase inhibitors or to cetux-
imab therapy. 73  Further, EGFR IHC is not warranted for 
selection or exclusion of patients for cetuximab therapy, as 
it was observed that cetuximab shows activity in CRC 
patients with tumors that do not express the epidermal 
growth factor receptor by IHC. 74  Currently, the standard of 
practice for selection of CRC patients with metastatic dis-
ease who are candidates for targeted therapies with anti-
EGFR antibodies is primarily based on mutational status of 
 KRAS.  61  The mutational status of  BRAF ,  NRAS ,  PI3KCA , 
and other genes downstream of EGFR may affect response 
to anti-EGFR targeted therapy. 71  Therefore, testing for 
mutations in these genes may be indicated in candidate 
patients, particularly in the setting of clinical trials, at the 
present time. 

 Interestingly, in contrast to other activating mutations in 
 KRAS , use of cetuximab among patients with chemotherapy-
refractory colorectal cancer with the  KRAS  G13D mutation 
may be associated with longer overall and progression-free 
survival, 52  although this remains a matter of debate. 

 Regarding the choice of tissue for DNA mutational analy-
sis, since  KRAS  mutations occur early in colorectal carcino-
genesis, most clinical trials tested the primary tumor site and 
published studies showed good correlation between  KRAS  
mutation status in primary vs. metastatic colon cancer lesions 
with high average concordance of 93% (76–100%). 75  ,  76  
Therefore testing tumor tissue from the primary site or from 
metastatic lesions is appropriate. Pathologists should select a 
block of formalin- fi xed, paraf fi n-embedded (FFPE) tissue 
with the highest % of viable tumor and largest tumor area 
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possible. Individual laboratories may have different require-
ments depending on the assay used. The technical approaches 
for mutational testing vary widely among laboratories and 
follow requirements for validation and interpretation, par-
ticularly for laboratory developed tests. Such methods 
include Sanger sequencing, allele-speci fi c PCR, melt curve 
analysis, pyrosequencing,  fl uorescent bead detection assay, 
MassARRAY MALDI-TOF mass spectrometry, and newer 
next-generation deep sequencing approaches. 

 Adequate DNA amount can be obtained by pooling 
macro- or micro-dissected tissue from multiple tissue levels 
(Fig.  2.3 ). Importantly, a biopsy may be preferable to 
the resection specimen if the resection was done after 
neoadjuvant therapy (Fig.  2.4 ), and minimal numbers of 

residual tumor cells persist, making the tissue inadequate for 
molecular testing.   

 In summary,  KRAS  mutational analysis of CRC tumor 
tissues is recommended as the standard of care in patients 
who are candidates for targeted anti-EGFR antibody therapy. 
Additional mutational testing of other EGFR pathway genes 
may be helpful to better select patients for targeted therapies 
with improved outcomes, as suggested by published studies, 
but a general consensus about which genes should be tested 
is not yet established. In large practice centers, the trend is to 
test all colorectal adenocarcinomas for  KRAS  codon 12–13 
mutations, for  BRAF  V600E mutations, and for microsatel-
lite instability, thus allowing for selection of patients for 
conventional therapy as well as targeted therapy. 77         

  Fig. 2.3    Tissue microdissection from a small CRC biopsy sample 
(0.2 cm). Two tissue areas,  T  tumor,  A  adenoma, were separately marked 
to enrich the tumor area for DNA extraction. Microdissection was then 

performed using unstained slides matching the H&E stained guide 
slide, shown in the  fi gure       



392 Targeted Therapies in GI Malignancies

  References 

   1.    Lurje G, Lenz HJ. EGFR signaling and drug discovery.  Oncology . 
2009;77:400–10.  

   2.    Arkenau HT. Gastric cancer in the era of molecularly targeted 
agents: current drug development strategies.  J Cancer Res Clin 
Oncol . 2009;135:855–66.  

   3.    Sakai K, Mori S, Kawamoto T, et al. Expression of epidermal 
growth factor receptors on normal human gastric epithelia and gas-
tric carcinomas.  J Natl Cancer Inst . 1986;77:1047–52.  

   4.    Srinivasan R, Leverton KE, Sheldon H, Hurst HC, Sarraf C, Gullick 
WJ. Intracellular expression of the truncated extracellular domain 
of c-erbB-3/HER3.  Cell Signal . 2001;13:321–30.  

   5.    Hirata A, Hosoi F, Miyagawa M, et al. HER2 overexpression increases 
sensitivity to ge fi tinib, an epidermal growth factor receptor tyrosine 
kinase inhibitor, through inhibition of HER2/HER3 heterodimer for-
mation in lung cancer cells.  Cancer Res . 2005;65:4253–60.  

   6.    Tanner M, Hollmen M, Junttila TT, et al. Ampli fi cation of HER-2 
in gastric carcinoma: association with Topoisomerase IIalpha gene 
ampli fi cation, intestinal type, poor prognosis and sensitivity to tras-
tuzumab.  Ann Oncol . 2005;16:273–8.  

   7.    Gravalos C, Jimeno A. HER2 in gastric cancer: a new prognostic 
factor and a novel therapeutic target.  Ann Oncol . 2008;19:1523–9.  

   8.    Allgayer H, Babic R, Gruetzner KU, Tarabichi A, Schildberg FW, 
Heiss MM. c-erbB-2 is of independent prognostic relevance in gas-
tric cancer and is associated with the expression of tumor-associ-
ated protease systems.  J Clin Oncol . 2000;18:2201–9.  

   9.    Yano T, Doi T, Ohtsu A, et al. Comparison of HER2 gene 
ampli fi cation assessed by  fl uorescence in situ hybridization and 
HER2 protein expression assessed by immunohistochemistry in 
gastric cancer.  Oncol Rep . 2006;15:65–71.  

   10.    Yonemura Y, Ninomiya I, Ohoyama S, et al. Expression of c-erbB-2 
oncoprotein in gastric carcinoma. Immunoreactivity for c-erbB-2 
protein is an independent indicator of poor short-term prognosis in 
patients with gastric carcinoma.  Cancer . 1991;67:2914–8.  

   11.    Ananiev J, Gulubova M, Manolova I, Tchernev G. Prognostic 
signi fi cance of HER2/neu expression in gastric cancer.  Wien Klin 
Wochenschr . 2011;123:450–4.  

   12.    Park DI, Yun JW, Park JH, et al. HER-2/neu ampli fi cation is an 
independent prognostic factor in gastric cancer.  Dig Dis Sci . 
2006;51:1371–9.  

   13.    Bang YJ, Van Cutsem E, Feyereislova A, et al. Trastuzumab in 
combination with chemotherapy versus chemotherapy alone for 
treatment of HER2-positive advanced gastric or gastro-oesophageal 
junction cancer (ToGA): a phase 3, open-label, randomised con-
trolled trial.  Lancet . 2010;376:687–97.  

   14.    Ruschoff J, Hanna W, Bilous M, et al. HER2 testing in gastric can-
cer: a practical approach.  Mod Pathol . 2012;25(5):637–50.  

   15.    Mrklic I, Bendic A, Kunac N, et al. Her-2/neu assessment for gas-
tric carcinoma: validation of scoring system.  Hepatogastroenterology . 
2012;59:300–3.  

   16.    Kim MA, Lee HJ, Yang HK, Bang YJ, Kim WH. Heterogeneous 
ampli fi cation of ERBB2 in primary lesions is responsible for the 
discordant ERBB2 status of primary and metastatic lesions in gas-
tric carcinoma.  Histopathology . 2011;59:822–31.  

  Fig. 2.4    Selection of CRC tissue specimen for DNA extraction and 
mutational analysis. A pretreatment small biopsy ( a ) with representa-
tive CRC was used for DNA testing in a patient with rectal cancer who 
received neoadjuvant therapy.  Panels  ( b ) and ( c ) represent rare residual 
tumor cells in the resection specimen. The limited number of tumor 
cells embedded in the background of  fi brous tissue and muscularis ren-
dered the resection specimen inadequate for molecular testing due to 
insuf fi cient tumor cellularity       



40 D. Sohal et al.

   17.    Giuffre G, Ieni A, Barresi V, Caruso RA, Tuccari G. HER2 status in 
unusual histological variants of gastric adenocarcinomas.  J Clin 
Pathol . 2012;65:237–41.  

   18.    Park YS, Hwang HS, Park HJ, et al. Comprehensive analysis of 
HER2 expression and gene ampli fi cation in gastric cancers using 
immunohistochemistry and in situ hybridization: which scoring 
system should we use?  Hum Pathol . 2012;43:413–22.  

   19.    Hofmann M, Stoss O, Shi D, et al. Assessment of a HER2 scoring 
system for gastric cancer: results from a validation study. 
 Histopathology . 2008;52:797–805.  

   20.    Bozzetti C, Negri FV, Lagrasta CA, et al. Comparison of HER2 
status in primary and paired metastatic sites of gastric carcinoma. 
 Br J Cancer . 2011;104:1372–6.  

   21.    Moelans CB, Milne AN, Morsink FH, Offerhaus GJ, van Diest PJ. 
Low frequency of HER2 ampli fi cation and overexpression in early 
onset gastric cancer.  Cell Oncol (Dordr) . 2011;34:89–95.  

   22.    Ruschoff J, Dietel M, Baretton G, et al. HER2 diagnostics in gastric 
cancer-guideline validation and development of standardized 
immunohistochemical testing.  Virchows Arch . 2010;457:
299–307.  

   23.    de la Chapelle A, Hampel H. Clinical relevance of microsatellite 
instability in colorectal cancer.  J Clin Oncol . 2010;28:3380–7.  

   24.   Sepulveda A. Microsatellite: Medscape, 2009.  
   25.    Ionov Y, Peinado MA, Malkhosyan S, Shibata D, Perucho M. 

Ubiquitous somatic mutations in simple repeated sequences reveal 
a new mechanism for colonic carcinogenesis.  Nature . 1993;363: 
558–61.  

   26.    Thibodeau SN, Bren G, Schaid D. Microsatellite instability in can-
cer of the proximal colon.  Science . 1993;260:816–9.  

   27.    Leach FS, Nicolaides NC, Papadopoulos N, et al. Mutations of a 
mutS homolog in hereditary nonpolyposis colorectal cancer.  Cell . 
1993;75:1215–25.  

   28.    Fishel R, Lescoe MK, Rao MR, et al. The human mutator gene 
homolog MSH2 and its association with hereditary nonpolyposis 
colon cancer.  Cell . 1993;75:1027–38.  

   29.    Bronner CE, Baker SM, Morrison PT, et al. Mutation in the DNA 
mismatch repair gene homologue hMLH1 is associated with hered-
itary non-polyposis colon cancer.  Nature . 1994;368:258–61.  

   30.    Papadopoulos N, Nicolaides NC, Wei YF, et al. Mutation of a mutL 
homolog in hereditary colon cancer.  Science . 1994;263:1625–9.  

   31.    Liu B, Farrington SM, Petersen GM, et al. Genetic instability occurs 
in the majority of young patients with colorectal cancer.  Nat Med . 
1995;1:348–52.  

   32.    Miyaki M, Konishi M, Tanaka K, et al. Germline mutation of MSH6 
as the cause of hereditary nonpolyposis colorectal cancer.  Nat 
Genet . 1997;17:271–2.  

   33.    Moslein G, Tester DJ, Lindor NM, et al. Microsatellite instability 
and mutation analysis of hMSH2 and hMLH1 in patients with spo-
radic, familial and hereditary colorectal cancer.  Hum Mol Genet . 
1996;5:1245–52.  

   34.    Benachenhou N, Guiral S, Gorska-Flipot I, Michalski R, Labuda D, 
Sinnett D. Allelic losses and DNA methylation at DNA mismatch 
repair loci in sporadic colorectal cancer.  Carcinogenesis . 
1998;19:1925–9.  

   35.    Cunningham JM, Christensen ER, Tester DJ, et al. Hypermethylation 
of the hMLH1 promoter in colon cancer with microsatellite insta-
bility.  Cancer Res . 1998;58:3455–60.  

   36.    Kane MF, Loda M, Gaida GM, et al. Methylation of the hMLH1 
promoter correlates with lack of expression of hMLH1 in sporadic 
colon tumors and mismatch repair-defective human tumor cell 
lines.  Cancer Res . 1997;57:808–11.  

   37.    Miyakura Y, Sugano K, Konishi F, et al. Extensive methylation of 
hMLH1 promoter region predominates in proximal colon cancer 
with microsatellite instability.  Gastroenterology . 2001;121:1300–9.  

   38.    Toyota M, Ahuja N, Ohe-Toyota M, Herman JG, Baylin SB, Issa JP. 
CpG island methylator phenotype in colorectal cancer.  Proc Natl 
Acad Sci USA . 1999;96:8681–6.  

   39.    Veigl ML, Kasturi L, Olechnowicz J, et al. Biallelic inactivation of 
hMLH1 by epigenetic gene silencing, a novel mechanism causing 
human MSI cancers.  Proc Natl Acad Sci USA . 1998;95:8698–702.  

   40.    Stone JG, Robertson D, Houlston RS. Immunohistochemistry for 
MSH2 and MHL1: a method for identifying mismatch repair 
de fi cient colorectal cancer.  J Clin Pathol . 2001;54:484–7.  

   41.    Gryfe R, Kim H, Hsieh ET, et al. Tumor microsatellite instability 
and clinical outcome in young patients with colorectal cancer.  N 
Engl J Med . 2000;342:69–77.  

   42.    Benatti P, Gafa R, Barana D, et al. Microsatellite instability and 
colorectal cancer prognosis.  Clin Cancer Res . 2005;11:8332–40.  

   43.    Ribic CM, Sargent DJ, Moore MJ, et al. Tumor microsatellite-
instability status as a predictor of bene fi t from  fl uorouracil-based 
adjuvant chemotherapy for colon cancer.  N Engl J Med . 2003;349: 
247–57.  

   44.    Kim GP, Colangelo LH, Wieand HS, et al. Prognostic and predictive 
roles of high-degree microsatellite instability in colon cancer: a 
National Cancer Institute-National Surgical Adjuvant Breast and 
Bowel Project Collaborative Study.  J Clin Oncol . 2007;25:767–72.  

   45.    Bertagnolli MM, Niedzwiecki D, Compton CC, et al. Microsatellite 
instability predicts improved response to adjuvant therapy with iri-
notecan,  fl uorouracil, and leucovorin in stage III colon cancer: 
Cancer and Leukemia Group B Protocol 89803.  J Clin Oncol . 
2009;27:1814–21.  

   46.    Sargent DJ, Marsoni S, Monges G, et al. Defective mismatch repair 
as a predictive marker for lack of ef fi cacy of  fl uorouracil-based 
adjuvant therapy in colon cancer.  J Clin Oncol . 2010;28:3219–26.  

   47.    Kerr DJ, Midgley R. Defective mismatch repair in colon cancer: a 
prognostic or predictive biomarker?  J Clin Oncol . 2010;28:3210–2.  

   48.    Kozuch P, Malamud S, Wasserman C, Homel P, Mirzoyev T, 
Grossbard M. Phase II trial of erlotinib and capecitabine for patients 
with previously untreated metastatic colorectal cancer.  Clin 
Colorectal Cancer . 2009;8:38–42.  

   49.    Fisher GA, Kuo T, Ramsey M, et al. A phase II study of ge fi tinib, 
5- fl uorouracil, leucovorin, and oxaliplatin in previously untreated 
patients with metastatic colorectal cancer.  Clin Cancer Res . 
2008;14:7074–9.  

   50.    Bardelli A, Siena S. Molecular mechanisms of resistance to cetux-
imab and panitumumab in colorectal cancer.  J Clin Oncol . 
2010;28:1254–61.  

   51.    De Roock W, Claes B, Bernasconi D, et al. Effects of KRAS, 
BRAF, NRAS, and PIK3CA mutations on the ef fi cacy of cetux-
imab plus chemotherapy in chemotherapy-refractory metastatic 
colorectal cancer: a retrospective consortium analysis.  Lancet 
Oncol . 2010;11:753–62.  

   52.    De Roock W, Jonker DJ, Di Nicolantonio F, et al. Association of 
KRAS p.G13D mutation with outcome in patients with chemother-
apy-refractory metastatic colorectal cancer treated with cetuximab. 
 JAMA . 2010;304:1812–20.  

   53.    Bos JL, Fearon ER, Hamilton SR, et al. Prevalence of ras gene 
mutations in human colorectal cancers.  Nature . 1987;327:293–7.  

   54.    Deng G, Bell I, Crawley S, et al. BRAF mutation is frequently pres-
ent in sporadic colorectal cancer with methylated hMLH1, but not 
in hereditary nonpolyposis colorectal cancer.  Clin Cancer Res . 
2004;10:191–5.  

   55.    Palomaki GE, McClain MR, Melillo S, Hampel HL, Thibodeau 
SN. EGAPP supplementary evidence review: DNA testing strate-
gies aimed at reducing morbidity and mortality from Lynch syn-
drome.  Genet Med . 2009;11:42–65.  

   56.    Roth AD, Tejpar S, Delorenzi M, et al. Prognostic role of KRAS 
and BRAF in stage II and III resected colon cancer: results of the 
translational study on the PETACC-3, EORTC 40993, SAKK 
60–00 trial.  J Clin Oncol . 2010;28:466–74.  

   57.    Hutchins G, Southward K, Handley K, et al. Value of mismatch 
repair, KRAS, and BRAF mutations in predicting recurrence and 
bene fi ts from chemotherapy in colorectal cancer.  J Clin Oncol . 
2011;29:1261–70.  



412 Targeted Therapies in GI Malignancies

   58.    Rizzo S, Bronte G, Fanale D, et al. Prognostic vs predictive molec-
ular biomarkers in colorectal cancer: is KRAS and BRAF wild type 
status required for anti-EGFR therapy?  Cancer Treat Rev . 
2010;36(Suppl 3):S56–61.  

   59.    Grothey A. EGFR antibodies in colorectal cancer: where do they 
belong?  J Clin Oncol . 2010;28:4668–70.  

   60.    Karapetis CS, Khambata-Ford S, Jonker DJ, et al. K-ras mutations 
and bene fi t from cetuximab in advanced colorectal cancer.  N Engl J 
Med . 2008;359:1757–65.  

   61.    Allegra CJ, Jessup JM, Somer fi eld MR, et al. American Society of 
Clinical Oncology provisional clinical opinion: testing for KRAS 
gene mutations in patients with metastatic colorectal carcinoma to 
predict response to anti-epidermal growth factor receptor monoclo-
nal antibody therapy.  J Clin Oncol . 2009;27:2091–6.  

   62.    Prenen H, Tejpar S, Van Cutsem E. New strategies for treatment of 
KRAS mutant metastatic colorectal cancer.  Clin Cancer Res . 
2010;16:2921–6.  

   63.    Flaherty KT, Puzanov I, Kim KB, et al. Inhibition of mutated, activated 
BRAF in metastatic melanoma.  N Engl J Med . 2010;363:809–19.  

   64.    Prahallad A, Sun C, Huang S, et al. Unresponsiveness of colon can-
cer to BRAF(V600E) inhibition through feedback activation of 
EGFR.  Nature . 2012;483:100–3.  

   65.    Jhawer M, Goel S, Wilson AJ, et al. PIK3CA mutation/PTEN 
expression status predicts response of colon cancer cells to the epi-
dermal growth factor receptor inhibitor cetuximab.  Cancer Res . 
2008;68:1953–61.  

   66.    Halilovic E, She QB, Ye Q, et al. PIK3CA mutation uncouples 
tumor growth and cyclin D1 regulation from MEK/ERK and mutant 
KRAS signaling.  Cancer Res . 2010;70:6804–14.  

   67.    Prenen H, De Schutter J, Jacobs B, et al. PIK3CA mutations are not 
a major determinant of resistance to the epidermal growth factor 
receptor inhibitor cetuximab in metastatic colorectal cancer.  Clin 
Cancer Res . 2009;15:3184–8.  

   68.    Sartore-Bianchi A, Martini M, Molinari F, et al. PIK3CA mutations 
in colorectal cancer are associated with clinical resistance to EGFR-
targeted monoclonal antibodies.  Cancer Res . 2009;69:1851–7.  

   69.    Brachmann SM, Hofmann I, Schnell C, et al. Speci fi c apoptosis 
induction by the dual PI3K/mTor inhibitor NVP-BEZ235 in HER2 
ampli fi ed and PIK3CA mutant breast cancer cells.  Proc Natl Acad 
Sci USA . 2009;106:22299–304.  

   70.    Serra V, Markman B, Scaltriti M, et al. NVP-BEZ235, a dual PI3K/
mTOR inhibitor, prevents PI3K signaling and inhibits the growth of 
cancer cells with activating PI3K mutations.  Cancer Res . 
2008;68:8022–30.  

   71.    De Roock W, De Vriendt V, Normanno N, Ciardiello F, Tejpar S. 
KRAS, BRAF, PIK3CA, and PTEN mutations: implications for tar-
geted therapies in metastatic colorectal cancer.  Lancet Oncol . 
2011;12:594–603.  

   72.    She QB, Halilovic E, Ye Q, et al. 4E-BP1 is a key effector of the 
oncogenic activation of the AKT and ERK signaling pathways that 
integrates their function in tumors.  Cancer Cell . 2010;18:39–51.  

   73.    Ogino S, Meyerhardt JA, Cantor M, et al. Molecular alterations in 
tumors and response to combination chemotherapy with ge fi tinib 
for advanced colorectal cancer.  Clin Cancer Res . 2005;11:6650–6.  

   74.    Chung KY, Shia J, Kemeny NE, et al. Cetuximab shows activity in 
colorectal cancer patients with tumors that do not express the epi-
dermal growth factor receptor by immunohistochemistry.  J Clin 
Oncol . 2005;23:1803–10.  

   75.    Cejas P, Lopez-Gomez M, Aguayo C, et al. Analysis of the concor-
dance in the EGFR pathway status between primary tumors and 
related metastases of colorectal cancer patients: Implications for 
cancer therapy.  Curr Cancer Drug Targets . 2012;12(2):124–31.  

   76.    Baas JM, Krens LL, Guchelaar HJ, Morreau H, Gelderblom H. 
Concordance of predictive markers for EGFR inhibitors in primary 
tumors and metastases in colorectal cancer: a review.  Oncologist . 
2011;16:1239–49.  

   77.    Funkhouser WK Jr, Lubin IM, Monzon FA, et al. Relevance, patho-
genesis, and testing algorithm for mismatch repair-defective col-
orectal carcinomas: a report of the association for molecular 
pathology.  J Mol Diagn . 2012;14:91–103.  

   78.   CAP. Frequently Asked Questions About ER/PgR Testing 
Guidelines, 2012.      





http://www.springer.com/978-1-4614-6014-5


		2013-01-15T10:53:14+0530
	Preflight Ticket Signature




