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Abstract
The KRAS  oncogene is mutated in approximately 
35%-45% of colorectal cancers, and KRAS  mutational 
status testing has been highlighted in recent years. 
The most frequent mutations in this gene, point substi-
tutions in codons 12 and 13, were validated as nega-
tive predictors of response to anti-epidermal growth 
factor receptor antibodies. Therefore, determining the 
KRAS  mutational status of tumor samples has become 
an essential tool for managing patients with colorec-
tal cancers. Currently, a variety of detection methods 
have been established to analyze the mutation status 
in the key regions of the KRAS  gene; however, several 
challenges remain related to standardized and uniform 
testing, including the selection of tumor samples, tu-
mor sample processing and optimal testing methods. 
Moreover, new testing strategies, in combination with 
the mutation analysis of BRAF , PIK3CA  and loss of 
PTEN proposed by many researchers and pathologists, 
should be promoted. In addition, we recommend that 
microsatellite instability, a prognostic factor, be added 
to the abovementioned concomitant analysis. This 
review provides an overview of KRAS biology and the 
recent advances in KRAS  mutation testing. This review 
also addresses other aspects of status testing for de-

termining the appropriate treatment and offers insight 
into the potential drawbacks of mutational testing.
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INTRODUCTION
Colorectal cancer (CRC) is one of  the most common 
cancers worldwide. In the United States, approximately 
102 900 cases of  colon cancer and 39 670 cases of  rectal 
cancer were diagnosed in 2010, and approximately 51 370 
patients died of  CRC in the same year, accounting for 
about 9% of  all cancer deaths[1]. With the emergence 
of  two anti-epidermal growth factor receptor (EGFR)-
targeted antibodies, cetuximab (Erbitux) and panitu-
mumab (Vectibix), the treatment of  metastatic CRC has 
entered into the era of  personalized treatment. Of  the 
two antibodies, one is a human-mouse chimeric IgG1 
monoclonal that was approved by the United States Food 
and Drug Administration (FDA) in 2004 as a second-line 
treatment of  CRC; the other is a human IgG2 k mono-
clonal antibody that was approved by the FDA as a third-
line drug in 2007. However, EGFR, the target of  these 
drugs, which is overexpressed in approximately 80% of  
colorectal carcinomas, failed to predict a therapeutic re-
sponse when used clinically[2,3]. Therefore, downstream 
signaling effectors were sought to help predict the effica-
cy of  anti-EGFR treatment. The KRAS gene, which has 
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been extensively studied for more than three decades, has 
been demonstrated to be a strong negative predictive bio-
marker to indicate whether a CRC patient will respond to 
anti-EGFR treatment. As the target treatment may also 
be toxic and expensive, KRAS mutation status detection 
has become a crucial diagnostic factor for treating meta-
static CRC patients.

KRAS GENE AND ITS ROLE IN EGFR 
SIGNALING
The RAS gene was initially identified as a viral gene ho-
mologous to the transforming gene from the Kirsten 
rat sarcoma virus[4,5]. Mutations in RAS are found in ap-
proximately 30% of  all human cancers, making it one 
of  the most commonly mutated genes in cancer[6]. The 
KRAS protein, also called p21, is a member of  the Ras 
superfamily of  proteins, is located on human chromo-
some 12 and encoded by 189 amino acids, and contains 
four coding exons and a 5' non-coding exon[7]. KRAS is a 
membrane-anchored guanosine triphosphate/guanosine 
diphosphate (GTP/GDP)-binding protein and is widely 
expressed in most human cells. As a small GTPase (GTP 
cleaving enzyme), KRAS is involved in intracellular signal 
transduction and mainly responsible for EGFR-signaling 
activation. The exchange of  the active GTP-bound state 
and the inactive GDP-bound state is tightly controlled 
by GTPase-activating proteins (GAPs) and guanine nu-
cleotide exchange factors[8]. Under normal physiological 
conditions, upstream signals activate wild-type KRAS by 
promoting the exchange of  bound GDP for GTP. This 
process is transient because of  GAP-mediated GTP hy-
drolysis. However, this process becomes altered when the 
KRAS gene is mutated.

Mutant KRAS is found in about 35%-45% of  CRCs[9-15], 
and codon 12 and 13 are two hotspots, which account 
for about 95% of  all mutation types, with approximately 
80% occurring in codon 12 and 15% in codon 13. Other 
mutations in codons 61, 146 and 154 occur less frequent-
ly in CRC, accounting for 5% of  all mutation type[16]. Re-
ferring to the Catalogue of  Somatic Mutations in Cancer 
Database, more than 5000 mutations have been found in 
the KRAS gene in CRC samples.

KRAS mutations are almost single nucleotide point 
mutations as reported, and the most common patterns 
are G12D, G12A, G12R, G12C, G12S, G12V and G13D. 
In the codon 12 mutation, p.G12D, pG12V is the most 
frequent, and in codon 13, the substitution of  glycine for 
aspartate (p.G13D) is the most frequent[17].

These mutations impair the intrinsic GTPase activ-
ity of  KRAS and prevent GAPs from promoting GTP 
hydrolysis by KRAS, therefore causing KRAS proteins 
to accumulate in the GTP-bound, active form. In this 
manner, mutant KRAS results in a constitutively active 
GTP-bound state and the activation of  downstream pro-
proliferative signaling pathways[18,19]. Therefore, KRAS 
mutations play a critical role in human tumorigenesis and 
are the most prevalent in pancreatic, thyroid, colorectal 
and lung cancers.

SIGNIFICANCE OF KRAS MUTATION 
TESTING
KRAS as a prognostic factor
It has been suggested that prognostic and predictive fac-
tors should be clarified; the former (including traditional 
clinical markers like lymph node involvement, the histo-
logical grade of  the tumor, and molecular biomarkers, 
etc.) often refers to the outcome of  the natural history of  
the tumor, while the latter predicts the response to the 
therapies. Until recently, the prognostic value of  KRAS 
mutation was in dispute. Two canonical trials have dem-
onstrated that the KRAS mutation may be prognostic of  
treatment outcomes for patients with CRC. The Kisten 
Ras in Colorectal Cancer Collaborative Group Study 
(RASCAL study)[20], with 2721 patient samples collected 
from 13 different nations, indicated that the presence of  
a KRAS mutation increased the risk of  recurrence and 
death, especially in a guanine (G) to thymine (T) muta-
tion. Moreover, the expanded RASCAL Ⅱ study sug-
gested that the prognostic role of  the KRAS mutation, 
limited only to a glycine to valine mutation, was found in 
8.6% of  all patients and had a statistically significant ef-
fect on failure-free survival [P = 0.004, hazard ratio (HR) 
1.3] and overall survival (OS) (P = 0.008, HR 1.29)[21]. 
However, in a translational study of  PETACC3[22], a ran-
domized phase Ⅲ trial showed that the KRAS mutation 
status does not have major prognostic value in stages Ⅱ 
and Ⅲ colon cancer. The difference in results may be 
largely due to the difference in sample size. The results 
from other trials are also not consistant[23]. 

KRAS as a predictive factor
Because KRAS is the most frequently mutated factor 
downstream of  the EGFR signaling pathway, it was con-
sidered a candidate molecular biomarker for anti-EGFR 
therapy. In 2006, for the first time, the predictive value 
of  KRAS was validated in a study by Lièvre et al[24] in 
which the KRAS-mutated patients showed no response 
to cetuximab and had a poorer OS compared with the 
wild-type KRAS patients. Later, a series of  single-arm 
studies confirmed this result[25-29]. Then, not only cetux-
imab but also panitumumab were demonstrated to only 
be effective for wild-type KRAS patients[30,31]. These trials 
demonstrated that the outcomes of  patients with wild-
type KRAS were clearly better than those of  the KRAS-
mutant patients, although these were all retrospective 
analyses. The publication of  two large, multicenter, 
randomized phase Ⅲ clinical trials unequivocally dem-
onstrated the predictive value of  KRAS for anti-EGFR 
therapy (Table 1). In these two trials, panitumumab or 
cetuximab vs best supportive care (BSC) was given to 
patients with chemorefractory CRC compared with BSC 
alone. Amado et al[10] demonstrated that the response 
rate of  panitumumab was 17% and 0% for the wild-type 
KRAS group and the mutant group, respectively (P < 
0.0001). In addition, when combined with chemotherapy 
[5-fluorouracil, leucovorin and irinotecan (FOLFIRI) or 
5-fluorouracil, leucovorin and oxaliplatin], anti-EGFR 
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antibodies (cetuximab or panitumumab)-treated patients 
had a better response rate and progression-free survival 
(PFS) or OS alone in the wild-type KRAS group, regard-
less of  the treatment line[11-15]. Recently, better OS (median, 
23.5 mo vs 20.0 mo; HR 0.796, P = 0.0093) was found 
in the cetuximab plus FOLFIRI-treated wild-type KRAS 
patients compared with the FOLFIRI-treated KRAS-
mutated patients[15]. According to a recent meta-analysis 
of  11 studies conducted between 1966 and 2010[32], the 
KRAS status and the adding of  anti-EGFR antibodies 
to standard chemotherapy were closely related to PFS 
[95% confidence interval (CI): 57%-90%, P = 0.005] and 
response rate (95% CI: 8.22%, P < 0.001).

On the basis of  these results, National Comprehen-
sive Cancer Network (NCCN), American Society of  
Clinical Oncology (ASCO) and European Medicines 
Evaluation Agency recommended testing for KRAS gene 
mutations in advanced CRC patients. The NCCN added 
KRAS testing to their 2009 clinical practice guidelines 
for colon and rectal cancers[33,34] and stipulated that only 
patients with wild-type (normal) KRAS genes should re-
ceive treatment with cetuximab (Erbitux) or panitumum-
ab (Vectibix). The ASCO, in the same year, proposed 
a provisional clinical opinion (PCO)[35] demonstrating 
that testing for KRAS mutations should be performed 
prior to anti-EGFR monoclonal antibody therapy and 
that patients with KRAS mutations in either codon 12 or 
13 should not receive this therapy as part of  their treat-
ment. This recommendation is slightly different from the 
NCCN guideline because the use of  anti-EGFR therapy 
in the KRAS-mutated patients may be toxic.

KRAS TESTING STATUS
Frequency of testing 
In a recent three cross-sectional survey performed in 

Europe, Latin America and Asia[36], physicians completed 
questionnaires on four patients per year. An analysis of  
3800 samples per year showed that the KRAS testing 
frequency in metastatic CRC patients increased from 3% 
in 2008 to 47% in 2009 and 69% in 2010. It appears that 
the importance of  KRAS mutation testing has become 
progressively understood by physicians and oncologists. 
Because implementation of  the testing in the clinical 
practice has begun, it is essential to identify testing per-
formance, as there are no set criteria for the process of  
KRAS detection, i.e., the selection of  tissue specimens, 
specimen preparation, the timing of  testing and the best 
method.

External quality assessment
A KRAS external quality assessment protocol was es-
tablished in 59 laboratories throughout eight different 
European countries[37]. In the first assessment round, the 
results were unsatisfactory. The samples, including un-
stained sections of  10 invasive CRC with a known KRAS 
mutation status, were tested by each laboratory using 
their own preferred method for histological evaluation, 
DNA isolation, and mutation analysis. The test results 
were centrally validated by one of  two reference laborato-
ries. Only 70% of  the laboratories correctly identified the 
KRAS mutational status in all samples, and the reports 
often lacked essential information. In another quality as-
sessment for KRAS testing in Italy, five CRC specimens 
with known KRAS mutations were sent to be tested in 
59 centers[38]. The limit to pass the assessment was set at 
100% true responses. Only two centers failed in both the 
first round and the second round of  testing. In Canada, 
until recently, there has been no such quality assessment. 
However, a guideline was developed according to a Ca-
nadian consensus conference held in Montreal in April 
2010, in which the expert group provided recommenda-

Reference Regimen Treatment line Phase n Mutation 
status 
(%)

Method Remarkable results

Monotherapy
   Karapetis et al[9], 
   2008

Cetuximab vs BSC Chemotherapy 
refractory

Ⅲ 394 42.3 Sequencing Cetuximab alone works on 
patient with WT KRAS tumors

   Amado et al[10], 
   2008

Panitumumab vs BSC Chemotherapy 
refractory

Ⅲ 427      43 Allele-specific PCR 
(DxS, United Kingdom)

Panitumumab alone works on 
patient with WT KRAS tumors

Combined with chemotherapy
   Van Cutsem et al[11], 
   2009

Cetuximab + FOLFIRI, 
FOLFIRI

First-line 
CRYSTAL trial

Ⅲ 540 35.6 PCR clamping and HRM 
(TIB MolBioL, Germany)

Cetuximab plus FOLFIRI, 
reduced the risk of progression 
of metastatic colorectal cancer

   Bokemeyer et al[12], 
   2009

Cetuximab + FOLFOX, 
FOLFOX

First-line, 
OPUS trial

Ⅱ 233      42 PCR clamping and HRM 
(TIB MolBioL, Germany)

Significantly increased ORR in 
patients with WT KRAS tumors

   Peeters et al[13], 
   2010

Panitumumab + FOLFIRI 
FOLFIRI

Second-line Ⅲ 1083      45 Allele-specific PCR 
(DxS, United Kingdom)

Significantly improved PFS in 
patients with WT KRAS tumors 

   Douillard et al[14], 
   2010

Panitumumab + FOLFOX 
FOLFOX

First-line Ⅲ 1096      40 Allele-specific PCR 
(DxS, United Kingdom)

Significantly improved PFS in 
patients with WT KRAS tumors 

   Van Cutsem et al[15], 
   2011

Cetuximab + FOLFIRI, 
FOLFIRI

First-line Ⅲ 1063      37 PCR clamping and HRM 
(TIB MolBioL, Germany)

Significantly improved OS in 
patients with WT KRAS tumors

BSC: Best supportive care; WT: Wild type; ORR: Overall response rate; FOLFIRI: 5-fluorouracil, leucovorin and irinotecan; FOLFOX: 5-fluorouracil, leu-
covorin and oxaliplatin; PFS: Progression-free survival; OS: Overall survival; PCR: Polymerase chain reaction; HRM: High-resolution melting.
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tions on KRAS testing in the treatment of  CRC[39]. In the 
United States, there is currently no FDA-approved stan-
dardized test. However, the PCO provided recommenda-
tions to the KRAS testing clinics. In Asia, there has been 
no external quality assessment system as yet, and it is 
critical to fulfill this objective.

Mutation status
As reported in 2011, the KRAS mutation frequencies in 
Asia, Europe, Latin American were 24%, 36% and 40%, 
respectively (P < 0.0001)[36]. It is unclear why a lower 
incidence is observed in Asian patients. In China, KRAS 
mutations were detected in 33.3% (30/90) of  the CRC 
tumor samples using the nucleotide sequence analysis 
method[40]. These results significantly correlated with the 
response rate and survival time of  cetuximab-treated pa-
tients. The difference of  mutation status may result from 
many aspects, such as the tissue, the percent of  tumor 
cells, the extracted DNA quality, the testing methods and 
the testing target.

Testing target
Currently, in most of  the KRAS detection methods, only 
mutations of  codon 12 or 13 are certified as informative 
for selecting non-responders to the anti-EGFR treatment 
in large clinical trials[15]. Therefore, mutation analysis of  
these sites is recommended. However, recent research 
has revealed new findings. Mutations in exons 3 and 4 are 
also effective in predicting the efficacy of  EGFR-anti-
bodies[41,42]. Codon 61 was found to account for 2% of  all 
KRAS mutations and, similar to some of  the codon 12 
mutations, had predictive value[43]. Therefore, codon 61 
may be useful in KRAS mutation testing. In contrast, not 
all mutations in codon 13 appear to be informative. In a 
recent analysis, cetuximab surprisingly worked on patients 
with chemotherapy-refractory CRC with p.G13D-mutated 
tumors, and these patients have a longer overall and PFS 
compared with those with the KRAS-mutated tumors[44]. 
Therefore, efforts are still required to confirm the impor-
tance of  various mutations of  the KRAS gene.

Sample selection
The most widely used tissue for KRAS testing is formalin-
fixed paraffin-embedded (FFPE) tissue blocks[45], which 
are easy to obtain and convenient to preserve. However, 
DNA extracted from FFPE is time consuming and may 
be of  poor quality, which can also result in false-positive 
or false-negative results due to an incomplete tissue fixa-
tion or tissue overfixation. Another specimen type is fro-
zen tissue. Studies that compared the mutation detection 
rates in frozen and FFPE samples from the same tissue 
have found that the mutation rate in frozen samples is 
higher than that detected in FFPE samples[46]. The use 
of  frozen tissue is suggested to be the gold standard for 
analysis, but the associated expense and technical diffi-
culty of  using frozen tissue make this method unsuitable 
for routine testing. In contrast, a high concordance was 
observed between primary tumors and metastatic loca-
tions (91.7%-96.4%)[47-49]. Therefore, the KRAS status 

in a primary site can be used for selecting patients who 
would benefit from anti-EGFR therapy. However, KRAS 
status can be heterogeneous within a primary tumor, and 
thus, different parts of  such tumors should be examined 
to accurately predict the KRAS status in metastatic le-
sions.

Beyond the selection of  tissue, other choices, such as 
peripheral blood, have been studied. Yen et al[50] detected 
circulating tumor cells with KRAS oncogenes using mem-
brane arrays; KRAS mutations were identified in 39.5% 
(30/76) of  peripheral blood samples, which is similar to 
that in tumors (43.4%). According to a review concerning 
the validation of  KRAS mutation testing in CRC blood 
samples which summarizes the studies that detect KRAS 
status using tissue or plasma/serum[51], a positive KRAS 
mutation in plasma or serum suggests a KRAS mutation 
in the tumor whereas the absence of  a KRAS mutation in 
the plasma or serum does not necessarily prove a lack of  
a similar mutation in the CRC tumor tissue. Further stud-
ies are needed in this field.

Methods 
A number of  methods can be used in KRAS mutation 
testing, with different sensitivity, turnaround time, and 
cost. In the NCCN guideline or ASCO PCO, no explicit 
method was assigned. Therefore, the use of  assays world-
wide is somewhat chaotic. In the Italian quality assess-
ment for KRAS testing[38], five CRC specimens were sent 
to 59 centers, which were asked to use their own pre-
ferred method for DNA extraction and mutational analy-
sis. Of  these 59 centers, polymerase chain reaction (PCR) 
sequencing was the predominant method for mutational 
analysis, as 48 (81.3%) centers used this methodology. 
Among the remaining centers, 5 centers (8.5%) used 
pyrosequencing, 3 centers (5.1%) used Real-Time PCR 
(Therascreen kit), 2 centers (3.4%) used restriction frag-
ment length polymorphism (RFLP) analysis and 1 center 
(1.7%) used the KRAS strip assay. In the United States, 
the amplification refractory mutation system was used by 
most laboratories[52].

The traditional methods used for mutation testing 
are hybridization and DNA sequencing. These methods 
are complex and time consuming. The emergence of  
polymerase chain reaction (PCR) sheds new light on this 
field. Currently, mutation testing methods are almost ex-
clusively based on this technology, including PCR-based 
sequencing, high resolution melting analysis (HRMA), 
amplification refractory mutation system (ARMS), and 
cleaved amplification polymorphism sequence-tagged 
sites (PCR-RFLP).

Among these methods, DNA sequencing, also called 
Sanger sequencing or dideoxy sequencing, is considered 
the gold standard because this methodology analyzes 
the DNA sequence nucleotide by nucleotide and can 
identify all possible mutations in the analyzed KRAS 
gene segment, including base substitutions, insertions 
and deletions. However, this approach has a low sensi-
tivity of  about 20%, and is laborious and time consum-
ing. An alternative approach to this methodology, i.e., 
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pyrosequencing, has a sensitivity proven to be approxi-
mately 5%-10% and has commercialized the detection 
of  KRAS mutations; corresponding commercial kits, the 
PyroMark® (Qiagen, Valencia, CA, United States), have 
been developed[53,54].

Of  the non-sequencing methods, ARMS[55], real-
time PCR analysis with HRMA[56], RFLP[57] and allele-
specific real-time PCR[58], most of  which are based on 
real-time PCR technology, have been well studied in the 
past three years with Sanger sequencing as the reference, 
demonstrating the effectiveness and availability of  these 
methods for KRAS status testing. A multicenter study[59], 
which evaluated six different KRAS mutation detection 
methods, including pyrosequencing, HRMA, dideoxy se-
quencing, and two commercial kits, showed a concordant 
KRAS status in 66/80 (83%) of  frozen tissue samples 
and 71/74 (96%) of  paraffin tissues using the five best 
performing assays. Each of  the assays has its advantage 
and limitations, and as details have been described in 
previous publications, we have summarized some no-
table features in Table 2[45,55,60-62]. The HRMA assay, often 
based on real-time PCR, detects the mutant sequence 
through measuring changes in the melting of  a DNA 
duplex with the aid of  intercalating dyes. This method is 
fast and sensitive but has been reported to have a false-
positive rate of  20%[63]. Therefore, this method requires 
sequencing confirmation and cannot show the concrete 
mutation pattern. The allele-specific Real-Time PCR and 
ARMS can only detect the limited mutation sites of  the 
KRAS gene, which makes these methods less feasible in 
clinical practice. The ARMS-based commercial kit, Ther-
ascreen® (DxS Ltd, Manchester, United Kingdom), how-
ever, has been widely used in laboratories[64]. This kit has 
a real-time PCR-based assay that combines the ARMS 
with Scorpion probes (seven probes for seven different 
mutations in KRAS), eliminating the need for post-PCR 
confirmation by direct sequencing, and is thought to be 

the most sensitive method until recently with a sensitiv-
ity of  1%[45].

Recently, more sensitive methods have been utilized 
in KRAS detection. One method is the PCR-clamp assay, 
and the other is coamplification at lower denaturation 
temperature PCR (COLD-PCR). The PCR-clamp as-
say utilizes mutation-specific hybridization probes and 
another wild-type-complementary peptide nucleic acid 
probe to suppress the amplification of  the normal se-
quence and can detect less than 1% of  the allele[65,66]. A 
commercial kit (KRAS LightMix) by TIB MolBiol (Berlin) 
uses this technology and a melting curve analysis and 
has been used in multicenter, phase Ⅲ clinical trials in 
which patients were treated with the anti-EGFR antibody, 
cetuximab[11,12,15]. COLD-PCR is another selective am-
plifying system that enriches the "minority alleles" from 
the mixed DNA sequences based on the lower melting 
temperature of  mutant homoduplexes as compared with 
wild-type ones. Therefore, in COLD-PCR, the denatur-
ation temperature is set at 80 ℃ whereas the denaturation 
temperature in conventional PCR is approximately 94 ℃. 
Using this principle, this technology does not require 
special equipment or reagents or time-consuming proce-
dures. As a sensitive DNA enrichment method, COLD-
PCR is often followed with HRMA or pyrosequencing. 
Mancini et al[67] demonstrated that COLD-PCR combined 
with HRM can improve the limit of  detection of  KRAS 
and BRAF mutations in CRC, increasing the percentage 
of  mutated CRCs from 40% (47/117) to 48.7% (57/117) 
compared with traditional PCR and direct sequencing. In 
another study by Zuo et al[68], COLD-PCR combined with 
pyrosequencing detected all the mutations in 50 samples, 
including DNA extracted from either fresh or FFPE tis-
sue specimens that were confirmed positive by conven-
tional PCR, and the mutation detection sensitivity was 
certified as 1.5%.

In addition, COLD-PCR combined with HRMA 

Table 2  Methods used for KRAS mutation testing[45,55,60-62]

Method Sensitivity 
(mutant/wild-type) 

(%)

Turnaround time Main advantages Main disadvantages 

Sanger sequencing 20–30 Slow 
(4 d to 2 wk)

Detects all possible mutations, 
cost-effective

Insensitive, time consuming, open PCR 
system is easily contaminated

Pyrosequencing   5 Rapid Detects all possible mutations, sensitive Open PCR system is easily contaminated 
Real-time PCR with 
HRMA

  5 Rapid Rapid, closed PCR system, 
detects all possible mutations 
(heterozygous and homozygous)

Occasionally difficult to distinguish between 
mutation types

Allele-specific real-
time PCR

10 Rapid Rapid, closed PCR system Detects only the 7 most common mutations, 
requires more tissue for analysis compared 
with other methods

RFLP with 
sequencing

     0.1 Slow 
(4 d to 2 wk)

Sensitive Requires confirmation by sequencing, 
complicated

DxS (ARMS/S)   1 Rapid Sensitive, time-saving Expensive, detects specific mutations 
targeted by the designed primers

COLD-PCR with 
sequencing

1-2.5 Rapid Sensitive, cost-effective, 
detects all possible mutations

-

ARMS: Amplification refractory mutation system; RFLP: Restriction fragment length polymorphism; PCR: Polymerase chain reaction; COLD-PCR: 
Coamplification at lower denaturation temperature PCR.
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assay does not require expensive and time-consuming 
procedures; thus, in clinical settings, this procedure has 
the potential to be used to select those patients who are 
eligible for EGFR-targeted therapies.

Our recommendation
Currently, it is accepted that the DNA fragmentation 
caused by improper fixation, heterogeneous somatic 
KRAS gene mutations, and the influence of  stromal cells 
can cause false-positive KRAS mutation testing results. 
Fortunately, the technique refinements and sufficient 
tissue selected can reduce this limitation. It is suggested 
that at least 300 tumor cells or 30 ng of  template DNA 
are required for KRAS status analysis. However, the ap-
propriate method to extend to the clinic is still unclear. 
Molinari et al[69] found that highly sensitive methods 
could improve the accuracy of  predictions of  anti-EG-
FR monoclonal antibody efficacy. Therefore, assay sensi-
tivity when detecting KRAS mutations is a key issue for 
correctly analyzing tumor specimens. However, Carote-
nuto et al[70] demonstrated that in samples with more than 
30% tumor cells, the DxS assay and PCR-sequencing, 
which are the most sensitive and non-sensitive methods, 
respectively, showed no difference in identifying KRAS 
mutations. Therefore, more effective and sensitive meth-
ods are required for inconclusive samples and those 
with a low number of  tumor cells. Upon considering the 
sensitive detection methods, as previously described, py-
rosequencing is a new, robust but expensive technology. 
The DxS assay (ARMS/S) is now widely used in clinical 
labs but can only detect the seven common mutations, 
and it is costly. COLD-PCR, which can enrich the mu-
tant alleles, is considered a simple method that increases 
KRAS testing sensitivity. Therefore, we recommend the 
use of  this assay combined with HRM or sequencing 
for determining KRAS status; although, this approach 
should be validated by further large sample studies.

CONCOMITANT ANALYSIS WITH OTHER 
FACTORS
Unfortunately, KRAS mutations account for approxi-
mately 35% of  the nonresponsive patients that receive 
anti-EGFR treatment[35]. Therefore, using KRAS as 
a predictor of  clinical outcomes is not always useful. 
These results have led researchers back to the molecular 
mechanisms of  cetuximab and panitumumab resistance 
to find other powerful prognostic markers. BRAF, which 
is another member of  EGFR signaling cascade, is lo-
cated downstream of  KRAS and is considered the most 
promising marker for predicting anti-EGFR treatment 
resistance apart from KRAS gene. BRAF mutations 
mainly occur at exon 15 with a frequency of  approxi-
mately 5% to 10% and the common V600E pattern. It 
is notable that BRAF and KRAS mutations are mutu-
ally exclusive (P < 10-6)[71]. Therefore, BRAF mutation 
analysis is recommended when the KRAS gene is the 
wild type. Di Nicolantonio et al[72] found in a retrospec-

tive study that none of  the BRAF-mutated patients 
responded to cetuximab or panitumumab and that none 
of  the responders carried BRAF mutations (P = 0.029). 
In addition, BRAF-mutated patients had a significantly 
shorter PFS (P = 0.011) and OS (P < 0.0001) compared 
with wild-type patients. On the basis of  these results, the 
NCCN clinical guidelines in 2010 currently recommend 
BRAF mutational status assessment of  metastatic CRC 
patients with a wild-type KRAS to guide the therapeutic 
use of  cetuximab and panitumumab.

Apart from the KRAS and BRAF gene mutations, 
other genetic aberrations, such as PIK3CA and PTEN, 
were demonstrated to be helpful in predicting the resis-
tance to anti-EGFR treatment[40,73]. In addition, many on-
cologists and pathologists have proposed that combining 
the analysis of  these factors simultaneously will provide 
a clearer overall prognostic indication for EGFR inhibi-
tor status. The recent data from a retrospective analysis 
demonstrated that when the loss of  PTEN expression 
and mutations of  KRAS, BRAF and PIK3CA are con-
comitantly ascertained, as many as 70% of  the metastatic 
CRC patients can be identified as unlikely to respond to 
anti-EGFR therapies[74]. Therefore, CRCs lacking altera-
tions in KRAS, BRAF, PTEN and PIK3CA, which may 
have the highest probability of  response to anti-EGFR 
therapies, are defined as "quadruple negative"[74,75].

In addition, in a retrospective consortium analysis[43], 
the largest series to date according to our knowledge, 
the effects of  KRAS, BRAF, NRAS and PIK3CA muta-
tions on the efficacy of  cetuximab plus chemotherapy 
in chemotherapy-refractory metastatic colorectal was 
studied. In total, 1022 tumor DNA samples were tested, 
of  which 40.0% (299/747) harbored a KRAS mutation, 
14.5% had a PIK3CA mutation, 4.7% had a BRAF mu-
tation, and 2.64% NRAS mutation, and carriers of  the 
four mutations had a lower response rate to the cetux-
imab plus chemotherapy treatment compared with those 
lacking any of  the four mutations. A multivariate analysis 
also confirmed that if  KRAS is unmutated, assessing the 
BRAF, NRAS, and PIK3CA exon 20 mutations pro-
vides additional information about patient outcomes. It 
is notable that while NRAS accounts for only 2.64% of  
these molecular alterations, this mutation is associated 
with unresponsiveness to panitumumab treatment.

It is obvious that KRAS mutational status analysis 
is insufficient for predicting the efficacy of  anti-EGFR 
therapy, and adding the concomitant analysis of  down-
stream factors can be helpful in selecting the correct 
patient for this personal treatment. In addition, we sug-
gest that microsatellite inestability (MSI) be added to this 
concomitant analysis.

Microsatellite instability, defined as small deletions or 
expansions within short tandem repeats in tumor DNA 
resulted from the inactivation of  the DNA mismatch re-
pair system, has been found in up to 90% of  the tumors 
of  the hereditary nonpolyposis CRC and in approxi-
mately 20% of  sporadic colorectal tumors[76,77]. Using a 
panel of  5 microsatellites recommended by the National 
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Cancer Institute, i.e., BAT 25 and BAT 26 (mononucleo-
tide repeats), D2S123, D5S346 and D17S250 (dinucleo-
tide repeats), CRC tumors are classified as MSI-high 
(MSI-H), MSI-low (MSI-L) and microsatellite stability 
(MSS), and the MSI-H was thought to indicate a more 
favorable prognosis[78]. However, with regard to predict-
ing therapy response, the role of  MSI is conflicting. Re-
cently, some researchers have combined KRAS and MSI 
in their study[79] and found that both genes are prognos-
tic of  CRC. In another study[80], the combined analysis 
of  specific KRAS and BRAF mutations, and microsatel-
lite instability were used to identify prognostic subgroups 
of  sporadic and hereditary CRC. As the result, 3 distinct 
prognostic subgroups were observed in univariate (P 
= 0.006) and multivariable (P = 0.051) analysis: group 
1 consisted of  patients with KRAS G12D or G12V or 
BRAFV600E mutations independent of  MSI status; 
they had a poor survival time and suffered more patient 
deaths. Group 2 included patients with either wild-type 
KRAS/BRAFV600E or KRAS G13D mutations in the 
MSS/MSI-L tumors and had a more favorable outcome. 
Finally, the patients with MSI-H cancers and simultane-
ous G13D mutations were observed to have the worst 
outcomes. The survival times for groups 1-3 varied 
significantly (P = 0.006). Therefore, we recommend the 
concomitant analysis of KRAS, BRAF, PIK3CA, and 
PTEN combined with MSI, which can facilitate selecting 
the appropriate patients for anti-EGFR treatment while 
also indicating the outcome of  CRC patients.

CONCLUSION
KRAS, an important member of  the EGFR signaling 
cascade, can acquire activating mutations in codons 
12 and 13 of  exon 2 in approximately 35%-45% of  
the CRC cases, rendering EGFR inhibitors ineffective. 
Though the prognostic value of  KRAS is conflicting, 
it is a promising predictive biomarker of  personalized 
treatment. Numerous clinical trials have clarified the sig-
nificant benefit of  outcomes in patients with wild-type 
KRAS for anti-EGFR therapy, despite the treatment line. 
Therefore, KRAS status testing has been recommended 
by national organizations, including NCCN, American 
Society for Clinical Oncology and European Medicines 
Agency. In recent years, KRAS testing is administered 
with a high frequency; however, standards are desired 
worldwide, including the selection and processing of  
the tumor sample and the choice of  the appropriate 
detection method, which may affect the accuracy of  
the testing results. COLD-PCR is a simple assay that 
can increase KRAS testing sensitivity by enriching the 
mutant alleles. This technology combined with HRM or 
sequencing is potentially useful in KRAS detection in 
a clinic practice. In addition, concomitant analysis with 
other factors, such as BRAF, PIK3CA, PTEN and MSI, 
is helpful in supporting KRAS as predictive and prog-
nostic factors, but further efforts are needed prior to 
implementation.

REFERENCES
1 Jemal A, Siegel R, Xu J, Ward E. Cancer statistics, 2010. CA 

Cancer J Clin 2010; 60: 277-300
2 Chung KY, Shia J, Kemeny NE, Shah M, Schwartz GK, Tse 

A, Hamilton A, Pan D, Schrag D, Schwartz L, Klimstra DS, 
Fridman D, Kelsen DP, Saltz LB. Cetuximab shows activity 
in colorectal cancer patients with tumors that do not express 
the epidermal growth factor receptor by immunohistochem-
istry. J Clin Oncol 2005; 23: 1803-1810

3 Sartore-Bianchi A, Moroni M, Veronese S, Carnaghi C, Ba-
jetta E, Luppi G, Sobrero A, Barone C, Cascinu S, Colucci G, 
Cortesi E, Nichelatti M, Gambacorta M, Siena S. Epidermal 
growth factor receptor gene copy number and clinical out-
come of metastatic colorectal cancer treated with panitu-
mumab. J Clin Oncol 2007; 25: 3238-3245

4 Chang EH, Furth ME, Scolnick EM, Lowy DR. Tumorigenic 
transformation of mammalian cells induced by a normal hu-
man gene homologous to the oncogene of Harvey murine 
sarcoma virus. Nature 1982; 297: 479-483

5 Der CJ, Krontiris TG, Cooper GM. Transforming genes of 
human bladder and lung carcinoma cell lines are homolo-
gous to the ras genes of Harvey and Kirsten sarcoma viruses. 
Proc Natl Acad Sci USA 1982; 79: 3637-3640

6 Adjei AA. Blocking oncogenic Ras signaling for cancer ther-
apy. J Natl Cancer Inst 2001; 93: 1062-1074

7 Malumbres M, Barbacid M. RAS oncogenes: the first 30 
years. Nat Rev Cancer 2003; 3: 459-465

8 Vigil D, Cherfils J, Rossman KL, Der CJ. Ras superfamily 
GEFs and GAPs: validated and tractable targets for cancer 
therapy? Nat Rev Cancer 2010; 10: 842-857 

9 Karapetis CS, Khambata-Ford S, Jonker DJ, O’Callaghan 
CJ, Tu D, Tebbutt NC, Simes RJ, Chalchal H, Shapiro JD, 
Robitaille S, Price TJ, Shepherd L, Au HJ, Langer C, Moore 
MJ, Zalcberg JR. K-ras mutations and benefit from cetux-
imab in advanced colorectal cancer. N Engl J Med 2008; 359: 
1757-1765

10 Amado RG, Wolf M, Peeters M, Van Cutsem E, Siena S, 
Freeman DJ, Juan T, Sikorski R, Suggs S, Radinsky R, Patter-
son SD, Chang DD. Wild-type KRAS is required for panitu-
mumab efficacy in patients with metastatic colorectal cancer. 
J Clin Oncol 2008; 26: 1626-1634

11 Van Cutsem E, Köhne CH, Hitre E, Zaluski J, Chang Chien 
CR, Makhson A, D’Haens G, Pintér T, Lim R, Bodoky G, 
Roh JK, Folprecht G, Ruff P, Stroh C, Tejpar S, Schlichting M, 
Nippgen J, Rougier P. Cetuximab and chemotherapy as ini-
tial treatment for metastatic colorectal cancer. N Engl J Med 
2009; 360: 1408-1417

12 Bokemeyer C, Bondarenko I, Makhson A, Hartmann JT, 
Aparicio J, de Braud F, Donea S, Ludwig H, Schuch G, Stroh 
C, Loos AH, Zubel A, Koralewski P. Fluorouracil, leucovo-
rin, and oxaliplatin with and without cetuximab in the first-
line treatment of metastatic colorectal cancer. J Clin Oncol 
2009; 27: 663-671

13 Peeters M, Price TJ, Cervantes A, Sobrero AF, Ducreux M, 
Hotko Y, André T, Chan E, Lordick F, Punt CJ, Strickland 
AH, Wilson G, Ciuleanu TE, Roman L, Van Cutsem E, Tze-
kova V, Collins S, Oliner KS, Rong A, Gansert J. Randomized 
phase III study of panitumumab with fluorouracil, leucovo-
rin, and irinotecan (FOLFIRI) compared with FOLFIRI alone 
as second-line treatment in patients with metastatic colorec-
tal cancer. J Clin Oncol 2010; 28: 4706-4713

14 Douillard JY, Siena S, Cassidy J, Tabernero J, Burkes R, Ba-
rugel M, Humblet Y, Bodoky G, Cunningham D, Jassem J, 
Rivera F, Kocákova I, Ruff P, Błasińska-Morawiec M, Šmakal 
M, Canon JL, Rother M, Oliner KS, Wolf M, Gansert J. 
Randomized, phase III trial of panitumumab with infusional 
fluorouracil, leucovorin, and oxaliplatin (FOLFOX4) versus 
FOLFOX4 alone as first-line treatment in patients with pre-
viously untreated metastatic colorectal cancer: the PRIME 

Tan C et al . KRAS  mutation testing



5178 October 7, 2012|Volume 18|Issue 37|WJG|www.wjgnet.com

study. J Clin Oncol 2010; 28: 4697-4705
15 Van Cutsem E, Köhne CH, Láng I, Folprecht G, Nowacki 

MP, Cascinu S, Shchepotin I, Maurel J, Cunningham D, 
Tejpar S, Schlichting M, Zubel A, Celik I, Rougier P, Ciardi-
ello F. Cetuximab plus irinotecan, fluorouracil, and leucovo-
rin as first-line treatment for metastatic colorectal cancer: up-
dated analysis of overall survival according to tumor KRAS 
and BRAF mutation status. J Clin Oncol 2011; 29: 2011-2019

16 Forbes S, Clements J, Dawson E, Bamford S, Webb T, Dogan 
A, Flanagan A, Teague J, Wooster R, Futreal PA, Stratton 
MR. COSMIC 2005. Br J Cancer 2006; 94: 318-322

17 Neumann J, Zeindl-Eberhart E, Kirchner T, Jung A. Fre-
quency and type of KRAS mutations in routine diagnostic 
analysis of metastatic colorectal cancer. Pathol Res Pract 2009; 
205: 858-862

18 Bos JL. ras oncogenes in human cancer: a review. Cancer Res 
1989; 49: 4682-4689

19 Schubbert S, Shannon K, Bollag G. Hyperactive Ras in de-
velopmental disorders and cancer. Nat Rev Cancer 2007; 7: 
295-308

20 Andreyev HJ, Norman AR, Cunningham D, Oates JR, Clarke 
PA. Kirsten ras mutations in patients with colorectal cancer: 
the multicenter “RASCAL” study. J Natl Cancer Inst 1998; 90: 
675-684

21 Andreyev HJ, Norman AR, Cunningham D, Oates J, Dix 
BR, Iacopetta BJ, Young J, Walsh T, Ward R, Hawkins N, 
Beranek M, Jandik P, Benamouzig R, Jullian E, Laurent-Puig 
P, Olschwang S, Muller O, Hoffmann I, Rabes HM, Zietz C, 
Troungos C, Valavanis C, Yuen ST, Ho JW, Croke CT, O’
Donoghue DP, Giaretti W, Rapallo A, Russo A, Bazan V, 
Tanaka M, Omura K, Azuma T, Ohkusa T, Fujimori T, Ono 
Y, Pauly M, Faber C, Glaesener R, de Goeij AF, Arends JW, 
Andersen SN, Lövig T, Breivik J, Gaudernack G, Clausen 
OP, De Angelis PD, Meling GI, Rognum TO, Smith R, Goh 
HS, Font A, Rosell R, Sun XF, Zhang H, Benhattar J, Losi L, 
Lee JQ, Wang ST, Clarke PA, Bell S, Quirke P, Bubb VJ, Piris J, 
Cruickshank NR, Morton D, Fox JC, Al-Mulla F, Lees N, Hall 
CN, Snary D, Wilkinson K, Dillon D, Costa J, Pricolo VE, 
Finkelstein SD, Thebo JS, Senagore AJ, Halter SA, Wadler 
S, Malik S, Krtolica K, Urosevic N. Kirsten ras mutations in 
patients with colorectal cancer: the ‘RASCAL II’ study. Br J 
Cancer 2001; 85: 692-696

22 Roth AD, Tejpar S, Delorenzi M, Yan P, Fiocca R, Klingbiel 
D, Dietrich D, Biesmans B, Bodoky G, Barone C, Aranda 
E, Nordlinger B, Cisar L, Labianca R, Cunningham D, Van 
Cutsem E, Bosman F. Prognostic role of KRAS and BRAF in 
stage II and III resected colon cancer: results of the transla-
tional study on the PETACC-3, EORTC 40993, SAKK 60-00 
trial. J Clin Oncol 2010; 28: 466-474

23 Ogino S, Meyerhardt JA, Irahara N, Niedzwiecki D, Hol-
lis D, Saltz LB, Mayer RJ, Schaefer P, Whittom R, Hantel A, 
Benson AB, Goldberg RM, Bertagnolli MM, Fuchs CS. KRAS 
mutation in stage III colon cancer and clinical outcome fol-
lowing intergroup trial CALGB 89803. Clin Cancer Res 2009; 
15: 7322-7329

24 Lièvre A, Bachet JB, Le Corre D, Boige V, Landi B, Emile 
JF, Côté JF, Tomasic G, Penna C, Ducreux M, Rougier P, 
Penault-Llorca F, Laurent-Puig P. KRAS mutation status is 
predictive of response to cetuximab therapy in colorectal 
cancer. Cancer Res 2006; 66: 3992-3995

25 Khambata-Ford S, Garrett CR, Meropol NJ, Basik M, Har-
bison CT, Wu S, Wong TW, Huang X, Takimoto CH, God-
win AK, Tan BR, Krishnamurthi SS, Burris HA, Poplin EA, 
Hidalgo M, Baselga J, Clark EA, Mauro DJ. Expression of 
epiregulin and amphiregulin and K-ras mutation status pre-
dict disease control in metastatic colorectal cancer patients 
treated with cetuximab. J Clin Oncol 2007; 25: 3230-3237

26 Di Fiore F, Blanchard F, Charbonnier F, Le Pessot F, Lamy A, 
Galais MP, Bastit L, Killian A, Sesboüé R, Tuech JJ, Queuniet 
AM, Paillot B, Sabourin JC, Michot F, Michel P, Frebourg T. 

Clinical relevance of KRAS mutation detection in metastatic 
colorectal cancer treated by Cetuximab plus chemotherapy. 
Br J Cancer 2007; 96: 1166-1169

27 De Roock W, Piessevaux H, De Schutter J, Janssens M, 
De Hertogh G, Personeni N, Biesmans B, Van Laethem JL, 
Peeters M, Humblet Y, Van Cutsem E, Tejpar S. KRAS wild-
type state predicts survival and is associated to early radio-
logical response in metastatic colorectal cancer treated with 
cetuximab. Ann Oncol 2008; 19: 508-515

28 Lièvre A, Bachet JB, Boige V, Cayre A, Le Corre D, Buc E, 
Ychou M, Bouché O, Landi B, Louvet C, André T, Bibeau F, 
Diebold MD, Rougier P, Ducreux M, Tomasic G, Emile JF, 
Penault-Llorca F, Laurent-Puig P. KRAS mutations as an 
independent prognostic factor in patients with advanced 
colorectal cancer treated with cetuximab. J Clin Oncol 2008; 
26: 374-379

29 Bibeau F, Lopez-Crapez E, Di Fiore F, Thezenas S, Ychou M, 
Blanchard F, Lamy A, Penault-Llorca F, Frébourg T, Michel P, 
Sabourin JC, Boissière-Michot F. Impact of Fc{gamma}RIIa-
Fc{gamma}RIIIa polymorphisms and KRAS mutations on 
the clinical outcome of patients with metastatic colorectal 
cancer treated with cetuximab plus irinotecan. J Clin Oncol 
2009; 27: 1122-1129

30 Freeman DJ, Juan T, Reiner M, Hecht JR, Meropol NJ, Berlin 
J, Mitchell E, Sarosi I, Radinsky R, Amado RG. Association 
of K-ras mutational status and clinical outcomes in patients 
with metastatic colorectal cancer receiving panitumumab 
alone. Clin Colorectal Cancer 2008; 7: 184-190

31 Cohn AL, Shumaker GC, Khandelwal P, Smith DA, Neu-
bauer MA, Mehta N, Richards D, Watkins DL, Zhang K, 
Yassine MR. An open-label, single-arm, phase 2 trial of pa-
nitumumab plus FOLFIRI as second-line therapy in patients 
with metastatic colorectal cancer. Clin Colorectal Cancer 2011; 
10: 171-177

32 Adelstein BA, Dobbins TA, Harris CA, Marschner IC, Ward 
RL. A systematic review and meta-analysis of KRAS status 
as the determinant of response to anti-EGFR antibodies and 
the impact of partner chemotherapy in metastatic colorectal 
cancer. Eur J Cancer 2011; 47: 1343-1354

33 Engstrom PF, Arnoletti JP, Benson AB, Chen YJ, Choti MA, 
Cooper HS, Covey A, Dilawari RA, Early DS, Enzinger PC, 
Fakih MG, Fleshman J, Fuchs C, Grem JL, Kiel K, Knol JA, 
Leong LA, Lin E, Mulcahy MF, Rao S, Ryan DP, Saltz L, 
Shibata D, Skibber JM, Sofocleous C, Thomas J, Venook AP, 
Willett C. NCCN Clinical Practice Guidelines in Oncology: 
colon cancer. J Natl Compr Canc Netw 2009; 7: 778-831

34 Engstrom PF, Arnoletti JP, Benson AB, Chen YJ, Choti MA, 
Cooper HS, Covey A, Dilawari RA, Early DS, Enzinger PC, 
Fakih MG, Fleshman J, Fuchs C, Grem JL, Kiel K, Knol JA, 
Leong LA, Lin E, Mulcahy MF, Rao S, Ryan DP, Saltz L, 
Shibata D, Skibber JM, Sofocleous C, Thomas J, Venook AP, 
Willett C. NCCN Clinical Practice Guidelines in Oncology: 
rectal cancer. J Natl Compr Canc Netw 2009; 7: 838-881

35 Allegra CJ, Jessup JM, Somerfield MR, Hamilton SR, Ham-
mond EH, Hayes DF, McAllister PK, Morton RF, Schilsky 
RL. American Society of Clinical Oncology provisional clini-
cal opinion: testing for KRAS gene mutations in patients 
with metastatic colorectal carcinoma to predict response to 
anti-epidermal growth factor receptor monoclonal antibody 
therapy. J Clin Oncol 2009; 27: 2091-2096

36 Ciardiello F, Tejpar S, Normanno N, Mercadante D, Teague 
T, Wohlschlegel B, Van Cutsem E. Uptake of KRAS mutation 
testing in patients with metastatic colorectal cancer in Eu-
rope, Latin America and Asia. Target Oncol 2011; 6: 133-145

37 Bellon E, Ligtenberg MJ, Tejpar S, Cox K, de Hertogh G, de 
Stricker K, Edsjö A, Gorgoulis V, Höfler G, Jung A, Kotsinas 
A, Laurent-Puig P, López-Ríos F, Hansen TP, Rouleau E, 
Vandenberghe P, van Krieken JJ, Dequeker E. External qual-
ity assessment for KRAS testing is needed: setup of a Euro-
pean program and report of the first joined regional quality 

Tan C et al . KRAS  mutation testing



5179 October 7, 2012|Volume 18|Issue 37|WJG|www.wjgnet.com

assessment rounds. Oncologist 2011; 16: 467-478
38 Normanno N, Pinto C, Castiglione F, Bardelli A, Gamba-

corta M, Botti G, Nappi O, Siena S, Ciardiello F, Taddei G, 
Marchetti A. KRAS mutations testing in colorectal carcinoma 
patients in Italy: from guidelines to external quality assess-
ment. PLoS One 2011; 6: e29146

39 Aubin F, Gill S, Burkes R, Colwell B, Kamel-Reid S, Koski S, 
Pollett A, Samson B, Tehfe M, Wong R, Young S, Soulières D. 
Canadian Expert Group consensus recommendations: KRAS 
testing in colorectal cancer. Curr Oncol 2011; 18: e180-e184

40 Li FH, Shen L, Li ZH, Luo HY, Qiu MZ, Zhang HZ, Li YH, 
Xu RH. Impact of KRAS mutation and PTEN expression on 
cetuximab-treated colorectal cancer. World J Gastroenterol 
2010; 16: 5881-5888

41 Janakiraman M, Vakiani E, Zeng Z, Pratilas CA, Taylor 
BS, Chitale D, Halilovic E, Wilson M, Huberman K, Ricarte 
Filho JC, Persaud Y, Levine DA, Fagin JA, Jhanwar SC, Mari-
adason JM, Lash A, Ladanyi M, Saltz LB, Heguy A, Paty PB, 
Solit DB. Genomic and biological characterization of exon 
4 KRAS mutations in human cancer. Cancer Res 2010; 70: 
5901-5911

42 Loupakis F, Ruzzo A, Cremolini C, Vincenzi B, Salvatore 
L, Santini D, Masi G, Stasi I, Canestrari E, Rulli E, Floriani I, 
Bencardino K, Galluccio N, Catalano V, Tonini G, Magnani M, 
Fontanini G, Basolo F, Falcone A, Graziano F. KRAS codon 
61, 146 and BRAF mutations predict resistance to cetuximab 
plus irinotecan in KRAS codon 12 and 13 wild-type meta-
static colorectal cancer. Br J Cancer 2009; 101: 715-721

43 De Roock W, Claes B, Bernasconi D, De Schutter J, Biesmans 
B, Fountzilas G, Kalogeras KT, Kotoula V, Papamichael D, 
Laurent-Puig P, Penault-Llorca F, Rougier P, Vincenzi B, 
Santini D, Tonini G, Cappuzzo F, Frattini M, Molinari F, 
Saletti P, De Dosso S, Martini M, Bardelli A, Siena S, Sartore-
Bianchi A, Tabernero J, Macarulla T, Di Fiore F, Gangloff 
AO, Ciardiello F, Pfeiffer P, Qvortrup C, Hansen TP, Van 
Cutsem E, Piessevaux H, Lambrechts D, Delorenzi M, Tejpar 
S. Effects of KRAS, BRAF, NRAS, and PIK3CA mutations on 
the efficacy of cetuximab plus chemotherapy in chemother-
apy-refractory metastatic colorectal cancer: a retrospective 
consortium analysis. Lancet Oncol 2010; 11: 753-762

44 De Roock W, Jonker DJ, Di Nicolantonio F, Sartore-Bianchi 
A, Tu D, Siena S, Lamba S, Arena S, Frattini M, Piessevaux H, 
Van Cutsem E, O’Callaghan CJ, Khambata-Ford S, Zalcberg 
JR, Simes J, Karapetis CS, Bardelli A, Tejpar S. Association 
of KRAS p.G13D mutation with outcome in patients with 
chemotherapy-refractory metastatic colorectal cancer treated 
with cetuximab. JAMA 2010; 304: 1812-1820

45 Jimeno A, Messersmith WA, Hirsch FR, Franklin WA, 
Eckhardt SG. KRAS mutations and sensitivity to epidermal 
growth factor receptor inhibitors in colorectal cancer: prac-
tical application of patient selection. J Clin Oncol 2009; 27: 
1130-1136

46 Solassol J, Ramos J, Crapez E, Saifi M, Mangé A, Vianès E, 
Lamy PJ, Costes V, Maudelonde T. KRAS Mutation Detec-
tion in Paired Frozen and Formalin-Fixed Paraffin-Embed-
ded (FFPE) Colorectal Cancer Tissues. Int J Mol Sci 2011; 12: 
3191-3204

47 Santini D, Loupakis F, Vincenzi B, Floriani I, Stasi I, Canes-
trari E, Rulli E, Maltese PE, Andreoni F, Masi G, Graziano 
F, Baldi GG, Salvatore L, Russo A, Perrone G, Tommasino 
MR, Magnani M, Falcone A, Tonini G, Ruzzo A. High con-
cordance of KRAS status between primary colorectal tumors 
and related metastatic sites: implications for clinical practice. 
Oncologist 2008; 13: 1270-1275

48 Knijn N, Mekenkamp LJ, Klomp M, Vink-Börger ME, Tol J, 
Teerenstra S, Meijer JW, Tebar M, Riemersma S, van Krieken 
JH, Punt CJ, Nagtegaal ID. KRAS mutation analysis: a com-
parison between primary tumours and matched liver metas-
tases in 305 colorectal cancer patients. Br J Cancer 2011; 104: 
1020-1026

49 Watanabe T, Kobunai T, Yamamoto Y, Matsuda K, Ishihara S, 
Nozawa K, Iinuma H, Shibuya H, Eshima K. Heterogeneity 
of KRAS status may explain the subset of discordant KRAS 
status between primary and metastatic colorectal cancer. Dis 
Colon Rectum 2011; 54: 1170-1178

50 Yen LC, Yeh YS, Chen CW, Wang HM, Tsai HL, Lu CY, 
Chang YT, Chu KS, Lin SR, Wang JY. Detection of KRAS 
oncogene in peripheral blood as a predictor of the response 
to cetuximab plus chemotherapy in patients with metastatic 
colorectal cancer. Clin Cancer Res 2009; 15: 4508-4513

51 Rogosnitzky M, Danks R. Validation of blood testing for 
K-ras mutations in colorectal and pancreatic cancer. Antican-
cer Res 2010; 30: 2943-2947

52 Fakih MM. KRAS mutation screening in colorectal cancer: 
From paper to practice. Clin Colorectal Cancer 2010; 9: 22-30 

53 Tsiatis AC, Norris-Kirby A, Rich RG, Hafez MJ, Gocke CD, 
Eshleman JR, Murphy KM. Comparison of Sanger sequenc-
ing, pyrosequencing, and melting curve analysis for the 
detection of KRAS mutations: diagnostic and clinical impli-
cations. J Mol Diagn 2010; 12: 425-432

54 Ogino S, Kawasaki T, Brahmandam M, Yan L, Cantor M, 
Namgyal C, Mino-Kenudson M, Lauwers GY, Loda M, 
Fuchs CS. Sensitive sequencing method for KRAS mutation 
detection by Pyrosequencing. J Mol Diagn 2005; 7: 413-421

55 Franklin WA, Haney J, Sugita M, Bemis L, Jimeno A, Mess-
ersmith WA. KRAS mutation: comparison of testing meth-
ods and tissue sampling techniques in colon cancer. J Mol 
Diagn 2010; 12: 43-50

56 Krypuy M, Newnham GM, Thomas DM, Conron M, Do-
brovic A. High resolution melting analysis for the rapid and 
sensitive detection of mutations in clinical samples: KRAS 
codon 12 and 13 mutations in non-small cell lung cancer. 
BMC Cancer 2006; 6: 295

57 Lanthaler AJ, Spizzo G, Mitterer M, Mian C, Mazzoleni G. 
Interlaboratory comparison of K-ras testing by real-time PCR 
and RFLP in colorectal cancer samples. Diagn Mol Pathol 
2011; 20: 90-93

58 Oliner K, Juan T, Suggs S, Wolf M, Sarosi I, Freeman DJ, Gy-
uris T, Baron W, Bakker A, Parker A, Patterson SD. A com-
parability study of 5 commercial KRAS tests. Diagn Pathol 
2010; 5: 23

59 Whitehall V, Tran K, Umapathy A, Grieu F, Hewitt C, Evans 
TJ, Ismail T, Li WQ, Collins P, Ravetto P, Leggett B, Salto-
Tellez M, Soong R, Fox S, Scott RJ, Dobrovic A, Iacopetta 
B. A multicenter blinded study to evaluate KRAS mutation 
testing methodologies in the clinical setting. J Mol Diagn 
2009; 11: 543-552

60 Monzon FA, Ogino S, Hammond ME, Halling KC, Bloom 
KJ, Nikiforova MN. The role of KRAS mutation testing in the 
management of patients with metastatic colorectal cancer. 
Arch Pathol Lab Med 2009; 133: 1600-1606

61 Anderson SM. Laboratory methods for KRAS mutation 
analysis. Expert Rev Mol Diagn 2011; 11: 635-642

62 Plesec TP, Hunt JL. KRAS mutation testing in colorectal can-
cer. Adv Anat Pathol 2009; 16: 196-203

63 Ibrahem S, Seth R, O’Sullivan B, Fadhil W, Taniere P, Ilyas 
M. Comparative analysis of pyrosequencing and QMC-PCR 
in conjunction with high resolution melting for KRAS/BRAF 
mutation detection. Int J Exp Pathol 2010; 91: 500-505

64 Angulo B, García-García E, Martínez R, Suárez-Gauthier A, 
Conde E, Hidalgo M, López-Ríos F. A commercial real-time 
PCR kit provides greater sensitivity than direct sequencing 
to detect KRAS mutations: a morphology-based approach in 
colorectal carcinoma. J Mol Diagn 2010; 12: 292-299

65 Ausch C, Buxhofer-Ausch V, Oberkanins C, Holzer B, Minai-
Pour M, Jahn S, Dandachi N, Zeillinger R, Kriegshäuser G. 
Sensitive detection of KRAS mutations in archived formalin-
fixed paraffin-embedded tissue using mutant-enriched PCR 
and reverse-hybridization. J Mol Diagn 2009; 11: 508-513

66 Oh JE, Lim HS, An CH, Jeong EG, Han JY, Lee SH, Yoo NJ. 

Tan C et al . KRAS  mutation testing



5180 October 7, 2012|Volume 18|Issue 37|WJG|www.wjgnet.com

Detection of low-level KRAS mutations using PNA-medi-
ated asymmetric PCR clamping and melting curve analysis 
with unlabeled probes. J Mol Diagn 2010; 12: 418-424

67 Mancini I, Santucci C, Sestini R, Simi L, Pratesi N, Cianchi F, 
Valanzano R, Pinzani P, Orlando C. The use of COLD-PCR 
and high-resolution melting analysis improves the limit of 
detection of KRAS and BRAF mutations in colorectal cancer. 
J Mol Diagn 2010; 12: 705-711

68 Zuo Z, Chen SS, Chandra PK, Galbincea JM, Soape M, Doan S, 
Barkoh BA, Koeppen H, Medeiros LJ, Luthra R. Application 
of COLD-PCR for improved detection of KRAS mutations in 
clinical samples. Mod Pathol 2009; 22: 1023-1031

69 Molinari F, Felicioni L, Buscarino M, De Dosso S, Buttitta 
F, Malatesta S, Movilia A, Luoni M, Boldorini R, Alabiso O, 
Girlando S, Soini B, Spitale A, Di Nicolantonio F, Saletti P, 
Crippa S, Mazzucchelli L, Marchetti A, Bardelli A, Frattini M. 
Increased detection sensitivity for KRAS mutations enhances 
the prediction of anti-EGFR monoclonal antibody resistance 
in metastatic colorectal cancer. Clin Cancer Res 2011; 17: 
4901-4914

70 Carotenuto P, Roma C, Rachiglio AM, Tatangelo F, Pinto 
C, Ciardiello F, Nappi O, Iaffaioli RV, Botti G, Normanno 
N. Detection of KRAS mutations in colorectal carcinoma 
patients with an integrated PCR/sequencing and real-time 
PCR approach. Pharmacogenomics 2010; 11: 1169-1179

71 Brose MS, Volpe P, Feldman M, Kumar M, Rishi I, Gerrero 
R, Einhorn E, Herlyn M, Minna J, Nicholson A, Roth JA, 
Albelda SM, Davies H, Cox C, Brignell G, Stephens P, Fut-
real PA, Wooster R, Stratton MR, Weber BL. BRAF and RAS 
mutations in human lung cancer and melanoma. Cancer Res 
2002; 62: 6997-7000

72 Di Nicolantonio F, Martini M, Molinari F, Sartore-Bianchi 
A, Arena S, Saletti P, De Dosso S, Mazzucchelli L, Frattini M, 
Siena S, Bardelli A. Wild-type BRAF is required for response 
to panitumumab or cetuximab in metastatic colorectal can-
cer. J Clin Oncol 2008; 26: 5705-5712

73 Sood A, McClain D, Maitra R, Basu-Mallick A, Seetharam 

R, Kaubisch A, Rajdev L, Mariadason JM, Tanaka K, Goel S. 
PTEN gene expression and mutations in the PIK3CA gene as 
predictors of clinical benefit to anti-epidermal growth factor 
receptor antibody therapy in patients with KRAS wild-type 
metastatic colorectal cancer. Clin Colorectal Cancer 2012; 11: 
143-150 

74 Sartore-Bianchi A, Di Nicolantonio F, Nichelatti M, Molinari 
F, De Dosso S, Saletti P, Martini M, Cipani T, Marrapese G, 
Mazzucchelli L, Lamba S, Veronese S, Frattini M, Bardelli A, 
Siena S. Multi-determinants analysis of molecular alterations 
for predicting clinical benefit to EGFR-targeted monoclonal 
antibodies in colorectal cancer. PLoS One 2009; 4: e7287

75 Bardelli A, Siena S. Molecular mechanisms of resistance to 
cetuximab and panitumumab in colorectal cancer. J Clin On-
col 2010; 28: 1254-1261

76 Dietmaier W, Wallinger S, Bocker T, Kullmann F, Fishel R, 
Rüschoff J. Diagnostic microsatellite instability: definition 
and correlation with mismatch repair protein expression. 
Cancer Res 1997; 57: 4749-4756

77 Van Schaeybroeck S, Allen WL, Turkington RC, Johnston 
PG. Implementing prognostic and predictive biomarkers in 
CRC clinical trials. Nat Rev Clin Oncol 2011; 8: 222-232

78 Gryfe R, Kim H, Hsieh ET, Aronson MD, Holowaty EJ, Bull 
SB, Redston M, Gallinger S. Tumor microsatellite instability 
and clinical outcome in young patients with colorectal can-
cer. N Engl J Med 2000; 342: 69-77

79 Nash GM, Gimbel M, Cohen AM, Zeng ZS, Ndubuisi MI, 
Nathanson DR, Ott J, Barany F, Paty PB. KRAS mutation and 
microsatellite instability: two genetic markers of early tumor 
development that influence the prognosis of colorectal can-
cer. Ann Surg Oncol 2010; 17: 416-424

80 Zlobec I, Kovac M, Erzberger P, Molinari F, Bihl MP, Rufle 
A, Foerster A, Frattini M, Terracciano L, Heinimann K, Lugli 
A. Combined analysis of specific KRAS mutation, BRAF and 
microsatellite instability identifies prognostic subgroups of 
sporadic and hereditary colorectal cancer. Int J Cancer 2010; 
127: 2569-2575

S- Editor  Wu X    L- Editor  Ma JY   E- Editor  Xiong L

Tan C et al . KRAS  mutation testing


