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CRC is the second and third leading
cause of cancer death in men and
women, respectively.

The vast majority of CRC develop
sporadically, whereas <10% of
cases result from a hereditary
cancer syndrome.

The majority of CRCs arise from
precursor lesions such as ade-
noma, transforming to
adenocarcinoma.

Colorectal cancer CRC

https://www.freepik.com/free-
vector/colorectal-cancer-crc-infographic-

education_9956768.htm



PROGRESSION FROM ADENOMA TO CARCINOMA 
-It is generally accepted that most colorectal carcinomas arise from adenomas
-APC was first identified as the gene mutated in familial adenomatous polyposis.(2) APC
mutations are also present in the majority of sporadic colorectal cancers, where mutations
occur early during neoplastic development, and even in dysplastic aberrant crypt
foci.(2)

-APC is a component of the Wingless pathway (WNT), critical to embryonic
development and intestinal epithelial renewal.(2,3) APC mutations abrogate its role in
binding beta-catenin, thereby releasing beta-catenin from phosphorylation regulation
by GSK3β and allowing it to accumulate in the nucleus, where it is involved in activating
transcription of a number of other downstream targets, such as cyclin D and Myc.(2)
APC is also involved in cytoskeletal interactions and has been directly implicated in
maintaining genome stability.(2)

-Activating mutations in KRAS are present in about 40% of colorectal carcinomas.(4)
KRAS mutations typically occur early, in aberrant crypt foci or small adenomas, and result
in constitutive activation of the gene.
-Mutation and inactivation of the TP53 gene occurs in about 50% to 70% of carcinomas,
often at the point of development of high-grade dysplasia.(5)

2. Fodde R: Eur J Cancer 2002; 38:867-871. 
3. Moon RT, Bowerman B, Boutros M, Perrimon N: . Science 2002; 296:1644-1646.
4. Vogelstein B, Fearon ER, Hamilton SR, et al:. N Engl J Med 1988; 319:525-532

5. Leslie A, Carey FA, Pratt NR, Steele RJ: Br J Surg 2002; 89:845-860. 

http://www.expertconsultbook.com/expertconsult/b/linkTo?type=journalArticle&isbn=978-1-4160-4059-0&title=The+promise+and+perils+of+Wnt+signaling+through+beta-catenin&author=Moon%C2%A0RT+Bowerman%C2%A0B+Boutros%C2%A0M+Perrimon%C2%A0N&date=2002&volume=296&issue=&firstPage=1644&shortTitle=Science


SYNDROME
INHERITED GENE 

DEFECT RISK IN CARRIERS ATTRIBUTABLE RISK

FAMILIAL 
ADENOMATOUS 

POLYPOSIS
APC >90% BY 40 YR <0.5%

ATTENUATED FAMILIAL 
ADENOMATOUS 

POLYPOSIS APC <90% BY 70 YR <0.5%

JUVENILE POLYPOSIS 
SYNDROME SMAD4, BMPRIA <<0.5%

PEUTZ-JEGHERS 
SYNDROME STK/LKB <<0.5%

COWDEN SYNDROME PTEN <<0.5%

HEREDITARY 
NONPOLYPOSIS 

COLORECTAL CANCER
MLH1, MSH2, PMS2, 

MSH6 50%-90% BY 70 YR 2%-5%

BMPR1A is a transmembrane serine/threonine kinases-ligands of these receptors are members of the TGF-β superfamily - represses WNT signaling to
maintain stable stem cell populations and plays a role in cell differentiation.
DPC4 (deleted in PC locus 4) /SMAD4/MADH4: is a tumor suppressor gene located at 18q21.1. It is part of the TGF-β signal transduction pathway (in the
SMAD family are 9 members). SMAD-2 and -3 are directly phosphorylated by receptor kinases and are forming heteromeric complexes with SMAD-4.
These complexes enter in the nucleus and bind to DNA for transcriptional activation of TGF-β responsive genes. SMAD-2/-4 and SMAD-3/-4 downregulate
also c-myc and upregulate p21 and p15 (p21 inhibits CDK4/CD and CDK6/CD complexes).

C LA SS IF IC A T IO N  O F  G E N E T IC  SY N D R O M E S T H A T  P R E D ISP O SE  T O  C O LO R E C T A L  C A N C E R



GENETIC BASIS OF HEREDITARY NONPOLYPOSIS COLORECTAL CANCER

GENE MUTATION

MLH1 (39%)
MSH2 (38%)

MSH6 (11%)

PMS2 (7%)

UNKNOWN (5%)

From Woods MO, Williams P, Careen A, et al: A new variant database for mismatch repair genes associated with Lynch syndrome. 
Hum Mutat 28:669-673, 2007.

MISMATCH REPAIR

Mismatch repair is
initiated by recognition
and binding of MSH2-

MSH6 or MSH2-MSH3,
then MLH1 and PMS2

are recruited.
Repair is completed by 
removal of the damage, 
resynthesis and ligation



MOLECULAR CLASSIFICATION OF SPORADIC COLORECTAL CANCERS

Three molecular
carcinogenesis pathways
have been identified;
(1)chromosomal instability

(CIN),
(2) microsatellite

instability (MSI),
(3) CpG island methylator
phenotype (CIMP)



MOLECULAR PATHOLOGIC CLASSIFICATION OF COLORECTAL CANCER

GROUP 
NUMBER

CIMP 
STATUS MLH1 STATUS

MICROSATELLITE 
INSTABILITY 

STATUS
CHROMOSOMA

L STATUS PRECURSOR PROPORTION

1 CIMP HIGH FULL 
METHYLATION MSI-H STABLE

(DIPLOID)
SERRATED 

POLYP 12%

2 CIMP HIGH PARTIAL 
METHYLATION MSS/MSI-L STABLE 

(DIPLOID)
SERRATED 

POLYP 8%

3 CIMP LOW NO 
METHYLATION MSS/MSI-L UNSTABLE 

(ANEUPLOID)
ADENOMA/ 
SERRATED 

POLYP
20%

4 CIMP 
NEGATIVE

NO 
METHYLATION MSS UNSTABLE 

(ANEUPLOID) ADENOMA 57%

5 CIMP 
NEGATIVE

GERMLINE 
MLH1 OR 
OTHER 

MUTATION
MSI-H STABLE

(DIPLOID) ADENOMA 3%

from Jass JR: Classification of colorectal cancer based on correlation of clinical, morphological and molecular features. Histopathology 50:113-130, 2007.
CIMP, CpG island methylator phenotype; MSI-H, high-frequency microsatellite instability; MSI-L, low-frequency microsatellite instability; MSS, microsatellite stable.



HYPOTHETICAL CRC MOLECULAR CLASSIFICATION

CIN
85%

ADENOMAS

SERRATED POLYPS

CIMP 
12%%

MSI-H 
3%

INFLAMMATORY 
POLYPS

2? 
%

MYH Villous
Adenoca



CRC MOLECULAR CLASSIFICATION

CIN
85%

CIN characterized by alteration of the number
and structure of chromosomes, such as loss of
chromosome 17p and 18q, leading to aneuploidy
(an abnormal chromosome number),
subkaryotypic amplification, chromosomal
rearrangement, and loss of heterozygosity at
tumor suppressor gene loci.
In addition, CIN tumors accumulate mutations in
oncogenes and tumor suppressor genes including
APC, TP53, KRAS, and BRAF



CRC MOLECULAR CLASSIFICATION

MSI-H 
15% 

MSI accounts for about 15% of CRCs, is characterized by generalized
instability of short tandemly- repeated DNA sequences known as
microsatellites. MSI may result from either mutation of one of mismatch
repair (MMR) genes, MLH1, MSH2, MSH6, or PMS2, or silencing of the
MLH1 promoter by hypermethylation.
Normally, when 2 strands of DNA replicate and nucleotide mismatch
occur, these errors are corrected by a MMR enzyme.
Defects in this function result in a high frequency of replication errors
because of the slippage of the DNA polymerase.
Lynch syndrome is the most common hereditary colon cancer syndrome.
Sporadic MSI tumors can occur because of methylation of CpG-rich
promoter sequence of MLH1. These cancers tend to arise in proximal
colon, tend to exhibit poor differentiation, mucinous cell type, and
prominent lymphocytic infiltration. MSI tumors with hypermethylation
account for 3/4 of hypermutated CRCs, whereas 1/4 had somatic MMR
gene mutation and polymerase ε mutations.



HYPOTHETICAL CRC MOLECULAR CLASSIFICATION

CIMP 
12%

CIMP pathway is characterized by widespread hypermethylation of
numerous promoter CpG island loci and consequent inactivation of
tumor suppressor genes. CIMP pathway accounts for 17% of CRC.
Although CIN and MSI pathways are usually exclusive, the CIMP
pathway overlaps substantially with the MSI pathway. In fact,
sporadic MSI CRCs are almost exclusively associated with CIMP-
associated methylation of the MLH1 promoter region. CIMP-
positive tumors are shown to represent a distinct subset with high
BRAF mutation. CIMP has a strong association with the serrated
neoplasia. CIMP tumors tend to arise in the proximal colon, at an
older age, and are more common in female individuals.



MSI TESTING IHC
4 major MMR proteins: MLH1, MSH2, PMS2, and MSH6
LIMITS: not all pathogenic mutations result in loss of expression and interpretation is somewhat
subjective.
Interpretation of the test: all proteins are expressed in the nucleus → tumor microsatellite stable
(MSS).
Loss of 1 or 2 protein expression → MMR deficiency, which highly correlates with MSI. As
MLH1/PMS2 and MSH2/MSH6 form functional pairs and MLH1 and MSH2 are needed to stabilize
the complex, when MLH1 or MSH2 are lost, PMS2 or MSH6 are also lost.

MLH1 PMS2 MSH2 MSH6 Interpretation Action

+ + + + MSS No further action

− − + + MSI, MLH1 loss
MLH1 Promoter hyper methylation
analysis , if no methylation MLH1 

mutation analysis and genetic
counselling

+ − + + MSI, PMS2 loss PMS2 mutation analysis and genetic
counseling

+ + − − MSI, MSH2 loss MSH2 mutation analysis and genetic
counseling

+ + + − MSI, MSH6 loss MSH6 mutation analysis and genetic
counseling



MSI TESTING IHC
MLH1 MSH2

Immunohistochemical expression of MLH1 and MSH2 in colon adenocarcinomas. In a) and b) 

a tumor showing complete loss of  MLH1 expression (a) and intact MSH2 expression (b). In c) 

and d) intact MLH1 c) and MSH2 expressions d) in the s ame tumor are reported. Nuclear 

immunostaining of normal epithelial cells (and lymphocytes) are used as internal positive 

controls. Pictures are at 20X magnification. 



MSI TESTING IHC

Only a small percentage of MLH1 loss tumors are because of Lynch syndrome
The majority of them → silencing of MLH1 expression → promoter hypermethylation.
Hypermethylation of the MLH1 promoter → characteristic of CIMP tumors.

↓
BRAF p.V600E mutation.

↓
SPORADIC PATHOGENESIS

BRAF mutation → poor prognosis, especially in CIMP-low tumors
The absence of BRAF mutation does not exclude the sporadic etiology, but promoter
methylation analysis is needed to exclude Lynch syndrome.
Loss of MSH2, MSH6, or PMS2 increases a probability for Lynch syndrome and genetic
counselling and germline gene sequencing is recommended.
Germline mutations → nonsense or frameshift mutations → loss of function.

MLH1 PMS2 MSH2 MSH6 Interpretation Action

+ + + + MSS No further action

− − + + MSI, MLH1 loss
MLH1 Promoter hyper methylation
analysis , if no methylation MLH1 

mutation analysis and genetic
counselling



MSI TESTING PCR

MSI →alterations in the lengths of microsatellites, short tandem repeats
To standardize MSI analysis, → Bethesda panel, proposed in 1997 National Cancer Institute (NCI) →
5 microsatellite markers: 2 mononucleotide loci (BAT)-25 and BAT-26) and 3 dinucleotide loci
(D2S123, D5S346, and D17S250)
Commercial assays → 5 nearly monomorphic mononucleotide microsatellite loci (BAT-25, BAT-26,
NR-21, NR-24, and MONO-27) → mononucleotide loci → more sensitive and specific than
dinucleotide loci.
Interpretation of the test: MSI-H (high) tumor is defined → shift of the size in ≥ 2 out of 5
microsatellite loci, whereas a shift only at 1 locus → MSI-L (low).

 



COMPARISON OF ASSAY TECHNOLOGIES TO DETERMINE MISMATCH REPAIR GENE STATUS 

MMR IHC MSI PCR AUTOMATED MSI NGS

Description MLH1, MSH2, MSH6, 
PMS2 protein 

expression determined 
by IHC

5 mononucleotide 
microsatellite loci, PCR, 
and fragment analysis

7 microsatellite loci, 
PCR, analyzed by high-

resolution melting 
detection

Over 100 microsatellite 
loci, NGS analysis

Sensitivity
Specificity

94%
100%

83%-98%
100%

No data
No data

98%
100%

Pros No need of molecular 
laboratory; work on low 

tumor cellularity 
samples; identify a 

defective gene

Require small amount
of tumor; scalable; 

objective interpretation

Short hands-on time;
fast turnaround time

Ability to analyze many 
more loci, reduce 
equivocal results

Cons Some mutations do not 
result in expression loss; 
subjective interpretation

Need molecular lab; 
need normal tissue; 

labor intensive

Further validation study
is needed; difficult to 

troubleshoot when failed

Expensive; need a 
special instrument and 

bioinformatics



Marker Orientation
primers

GeneBank
Number Sequences bp

CACNA1G
Forward
Reverse AC021491

ttttttcgtttcgcgtttaggt
ctcgaaacgacttcgccg 66

NEUROG1
Forward
Reverse AC005738

cgtgtagcttcgggtatttgta
cgataattacgaacacactcc 87

RUNX3
Forward
Reverse AL023096 

cgttcgatggtggacgtgt
gacgaacaacgtcttattacaacg

c
116

SOCS1
Forward
Reverse AC009121

gcgtcgagttcgtgggtattt
ccgaaaccatcttcacgctaa 83

IGF2
Forward
Reverse AC132217

gagcggtttcggtgtcgtta
ccaactcgatttaaaccacg 87

ACTB*
Forward
Reverse AT006483.3

tggtgatggaggaggaggtttagt
aagt

aaccaataaaacctactcctcc
133

* Widschwendter marker on Bisulfite treated DNA samples C→U; mC →C

METHODS TO ANALYZE CIMP

Weisenberger panel

Representative samples of MSP
for the methylated form of the
markers shown in the table.
Samples 1 and 4 were defined as
CIMP+, all the others CIMP-.
Samples 2 and 7 are negative for all
the markers analyzed.

At least 3 of 5 markers with a positive PCR amplification

 

CACNA1G

NEUROG1

RUNX3

SOCS1

IGF2
ACTB

L

COLON CANCER 

1   2  3    4   5  6   7   C+ C-



METHODS TO ANALYZE CIMP

BISULFITE TREATMENT

3

Application Note

www.takara-bio.us

Genomic DNA amplification When a CpG sequence is unmethylated

mCGmCGTCTATGmCGAGGCmCGG CGCGTCTATGCGAGGCCGG
↓ Bisulfite treatment ↓

mCGmCGTUTATGmCGAGGUmCGG UGUGTUTATGUGAGGUUGG
↓ PCR amplification ↓

CGCGTTTATGCGAGGTCGG
GCGCAAATACGCTCCAGCC

TGTGTTTATGTGAGGTTGG
ACACAAATACACTCCAACC

Figure 3.  Bisul!te Treatment and PCR Ampli!cation

▀		 Experimental Example 1: Cytosine Conversion 
E!ciency and Methylation Pattern Analysis

[Method]
MethylEasy™ Xceed was used to treat genomic DNA (500 ng) 
prepared from HeLa cells with a FastPure® DNA Kit, yielding 
20 µl of treated genomic DNA solution. A 500-ng sample of 
EpiScope® Methylated HeLa Genomic DNA (Cat. #3520), a 
HeLa genome with methylated CpG, was also treated with 
MethylEasy™ Xceed to serve as the control. A 1-µl aliquot of 
each treated genomic DNA was used as the template. Part of 
the CpG island region of CDH1, CDKN2A, and MLH1 were PCR 
ampli!ed using TaKaRa Taq ™ Hot Start Version (Cat. #R007A)
and then cloned. Sequence analyses were performed on 24 
clones from each ampli!cation reaction. CpG methylation 
results were analyzed using RIKEN’s QUMA (Quanti!cation 
Tool for Methylation Analysis, http://quma.cdb.riken.jp/) 
analytical tool.

[Result]
Cytosines outside of CpG sequences generally are 
unmethylated. As a result, they are all converted to uracils 
following a bisul!te treatment. The sequence analyses 
showed a conversion e"ciency of 99.6%, indicating that 
virtually all cytosines outside of CpG sequences were 
converted (Table 1). 
The results also indicated that the CpG islands of CDH1 are 
methylated in the HeLa cells used in this experiment and 
that the CpG islands of CDKN2A and MLH1 are unmethylated 
(Figure 4). Meanwhile, the CpG sequences of the control, 
EpiScope® Methylated HeLa Genomic DNA (methylated 
HeLa genome), were found to have almost all of its cytosines 
methylated at a 98.9% methylation rate.

Table 1.  Rate of Cytosine Conversion by Bisulfite 

Treatment

EpiScope*1 HeLa*2

Total number of cytosines outside of 
CpG sequences *3 1,800

Total number of above cytosines 
converted to U *3 1,793 1,792

Conversion efficiency 99.61% 99.56%

*1 : EpiScope™ Methylated HeLa Genomic DNA (Cat. #3520)
*2 : HeLa cell Genomic DNA
*3 : Total number in 12 clones each of CDH1, CDKN2A, and MLH1 used in the assay.

Within the cloned region there are, respectively, 49, 47 and 54 cytosines located outside 
CpG sequences.

CDH1

CDKN2A

MLH1

EpiScope® Methylated HeLa Genomic DNA HeLa cell Genomic DNA

Based on the results of sequence analyses, methylation patterns were 
determined using QUMA.  (●	: methylated CpG; ○ : unmethylated CpG)

Figure 4. Methylation Patterns.
Sample:  HeLa cell genomic DNA 500 ng
   EpiScope® Methylated HeLa Genomic DNA 500 ng
PCR ampli!cation TaKaRa Taq™ Hot Start Version (Cat. #R007A)
Cloning:  T-Vector pMD20, DNA Ligation Kit <Mighty Mix> (Cat. #6023)
   E. coli HST08 Premium Competent Cells
Target gene/ ampli!cation size:
   CDH1 297 bp, CDKN2A 316 bp, MLH1 292 bp
PCR condition: (98°C 10 sec/ 55°C 30 sec/ 72°C 1 min) × 40 cycles

▀		 Experimental Example 2: A Comparison with Other 
Companies’ Products

(1) PCR ampli"cation
[Method]
1-µg aliquots of genomic DNA prepared from HeLa cells 
with FastPure® DNA Kit underwent bisul!te treatment 
according to the protocol for each manufacturer’s product. 
PCR ampli!cations of part of the CpG island region of CDH1, 
CDKN2A and MLH1 were carried out using the treated 
genomic DNA solutions as the template.

[Result]
The PCR ampli!cation pattern obtained from the 
MethylEasy™ Xceed-treated genomic DNA solution was the 
same as those obtained from genomic DNA solutions treated 
with one of the other manufacturers’ kits. Ampli!cations 
of approximately 600-bp and 900-bp regions were also 
seen when this kit was used to treat DNA but not when 
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overall survival (OS) of 5 months.6 In contrast, patients with
mCRC who receive chemotherapy have been shown to have a
median OS of > 2 years.7

Herein, we present a historical review of systemic chemotherapy
in the adjuvant and metastatic settings, highlighting the key studies
that have driven the development of chemotherapy for patients with
CRC (Figure 1).

5-Fluorouracil and Leucovorin
The German chemist Paul Ehrlich was the first person to coin the

term ‘chemotherapy’ during his work on the use of chemical agents
to treat infectious diseases in the early 1900s.8 However, the evo-
lution of chemotherapy for CRC can be said to have begun with the
development of 5-fluorouracil (5-FU) in 1957.9 Charles Hei-
delberger and colleagues at the University of Wisconsin observed
that tumor tissues preferentially used uracil for nucleic acid
biosynthesis, and correctly postulated that a fluorouracil analogue
would inhibit tumor cell division by blocking the conversion of
deoxyuridine monophosphate (dUMP) to deoxythymidine mono-
phosphate (thymidylate). Biochemical studies demonstrated that the
main route of 5-FU activation proceeds via complex metabolic
pathways that result in the formation of 5-fluorodeoxyuridine
monophosphate (FdUMP), a potent inhibitor of thymidylate syn-
thase (Figure 2).10-14 The level of inhibition of thymidylate synthase
achieved with FdUMP in patient tumors was shown to correlate
with the clinical response to 5-FU treatment.15,16 Studies of the
molecular mechanism of thymidylate formation identified the
transient formation of a ternary complex consisting of the substrate
dUMP, the folate cofactor 5,10-methylenetetrahydrofolate
(MTHF), and thymidylate synthase.17,18

The next key advance in the development of 5-FU-based
chemotherapy was the finding that inhibition of thymidylate syn-
thase by 5-FU could be potentiated by increased intracellular levels
of reduced folates.12,19-22 At this juncture, it is interesting to note
that the antitumor activity of folic acid analogues, including
aminopterin and amethopterin (methotrexate), was first demon-
strated in 1948 by Sidney Farber and Louis Diamond in children

with leukemia.23 The potentiation of 5-FU activity was shown to be
mediated by the formation of a stable ternary complex consisting of
FdUMP, MTHF, and thymidylate synthase.10,13,24 Polyglutamate
derivatives of MTHF were shown to substantially increase the
efficiency of binding of FdUMP to thymidylate synthase compared
with monoglutamate derivatives, in a human colon adenocarcinoma
xenograft25 and human Michigan Cancer Foundation-7 breast
cancer cells.26 In a pivotal in vitro study of the biomodulation of
5-FU activity by the reduced folate leucovorin (5-formyl tetrahy-
drofolate [THF]), Ullman et al19 reported that 20 mM leucovorin
enhanced 5-FU cytotoxicity approximately fivefold in cultured
leukemia cells. Following on from this study, the antitumor activity
of 5-FU/leucovorin and 5-FU/methyl THF was established in a
number of studies of tumor cell lines, including those of human
origin.20,22,27-31

The preclinical data on the biomodulation of 5-FU cytotoxicity
by leucovorin led to a large number of phase I and II clinical studies
in the 1980s.32 In a pooled analysis of 21 phase II studies of patients
with advanced CRC, conducted by Poon et al in 1989, the response
rate (RR) of tumors to 5-FU/leucovorin was reported to be 23%.33

The 2 most commonly used 5-FU/leucovorin treatment regimens in
these early studies were those described by Machover et al34 and
Madajewicz et al.35 Machover et al administered 200 mg/m2 leu-
covorin using intravenous (I.V.) bolus and 370 mg/m2 5-FU in a
15-minute I.V. infusion daily for 5 days to patients with gastric
cancer and mCRC, with courses repeated at 28-day intervals.34

Madajewicz et al administered 500 mg/m2 leucovorin as a 2-hour
infusion to patients with mCRC, with escalating bolus doses of
5-FU up to a maximum of 750 mg/m2 given 1 hour after the
leucovorin infusion; this schedule was repeated weekly for 6 weeks,
followed by a 2-week rest period.35

Treatment of mCRC
In 1989, the seminal study of Michael Poon and colleagues33

showed that there was only a trend toward increased OS with
I.V. bolus 5-FU/leucovorin, but RR and progression-free survival
(PFS) were significantly increased, compared with 5-FU alone in

Figure 1 Landmark Advances in the Evolution of Systemic Chemotherapy for Patients With CRC

Abbreviations: 5-FU ¼ 5-Fluorouracil; FOLFIRI ¼ Infusional 5-FU/LV With Irinotecan; FOLFOX ¼ 5-FU/LV With Oxaliplatin; LV ¼ Leucovorin; mCRC ¼ Metastatic Colorectal Cancer; MOSAIC ¼
Multicenter International Study of Oxaliplatin/5-FU/Leucovorin in the Adjuvant Treatment of Colon Cancer.

Evolution of Systemic Chemotherapy in the Management of CRC

2 - Clinical Colorectal Cancer March 2015



PREDICTIVE MARKERS IN CRC THERAPY

Clinical Predictive Goal Molecular Genetic Marker
Benefit from chemotherapy in high-risk stage II 
disease

18q deletion
Microsatellite stable

Response to fluorouracil High thymidylate synthase expression
Microsatellite stable

Response to irinotecan High-frequency microsatellite instability

Response to cetuximab

Epithelial growth factor receptor amplification
No KRAS mutation or BRAF mutation
Amphiregulin expression present (EGFr ligand)
Epiregulin expression present (EGFr ligand)

Response to preoperative chemotherapy and 
radiation therapy TP53 intact

Response to oxaliplatin None known
Response to bevacizumab (Avastin) None known



TARGETS FOR BIOLOGICAL CANCER THERAPY

GATEKEEPERS 
(proteins from tumor suppressors genes)

CARETAKERS 
(proteins maintaining genome integrity)

ONCOPROTEINS 
(cellular growth and survival promoting) 

MISSING FUNCTION IN CANCER CAN NOT 
BE REACTIVATED

POSSIBLE  DIRECT INHIBITION OR THAT OF 
DOWNSTREAM SIGNAL EFFECTORS



BIOLOGICAL THERAPY

# Humanized Monoclonal Antibodies
-the target is the receptor extracellular domain

-binding reversible only after receptor internalization

# Small Organic Molecules
-the target is the tyrosine kinase domain

-binding can be reversible



BIOLOGICAL THERAPY IN CRC
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The major step forward in clinical management of 
metastatic CRC was the combination of FL, irinotecan, and 
oxaliplatin, which increased the survival rate from 12 to 
20 months.12 In addition to this, the use of these drugs to 
reduce tumor mass before tumor resection enabled a signifi-
cant proportion of patients who previously were only treated 
with chemotherapy to undergo resection of their metastases. 

The introduction of biologic agents, such as inhibitors of 
VEGF and EGFR, further increased survival rates to more 
than 2 years.13,14

The current standard of care for unresectable metastatic 
CRC combines standard cytotoxic chemotherapy with bio-
logic agents. The biologic agents available for metastatic 
CRC are categorized into three groups, as shown in Table 2. 

Table 1 Examples of FDA-approved targeted therapies

Name Target Year Application

Imatinib ABL, Kit 2003 CML, ALL, GIST
Gefitinib EGFR 2004 NSCLC
Erlotinib EGFR 2004 NSCLC, pancreatic
Bevacizumab VEGF 2004 Metastatic CRC
Sorafenib VEGFR, PDGFR, Raf1, B-Raf 2005 RCC, liver carcinoma
Cetuximab EGFR 2005 � FOLFIRI in metastatic CRC
Panitumumab EGFR 2006 � FOLFOX in metastatic CRC
Sunitinib VEGF, PDGF, Kit 2006 GIST, RCC
Lapatinib HER2 2007 Breast cancer
Temsirolimus mTOR 2007 RCC
Everolimus mTOR 2009 RCC, breast, neuroendocrine, astrocytoma
Crizotinib ALK, c-MET 2011 ALK-positive NSCLC
Vemurafenib Raf 2011 Melanoma
Ipilimumab CTLA4 2011 Melanoma
Aflibercept Extracellular domain of VEGFR1 and 

VEGFR2 fused to Fc portion of IgG1

2012 � FOLFIRI in metastatic CRC

Regorafenib VEGFR2 and -3, RET, Kit, PDGFR, and Raf 2012 Metastatic CRC
Vismodegib SMO 2012 Basal cell carcinoma
Dabrafenib BRAF 2013 Metastatic melanoma with BRAFV600E mutation
Trametinib MEK1, -2 2013 Metastatic melanoma with a BRAFV600E or BRAFV600K mutation
Pertuzumab HER2 2013 Breast cancer
Blinatumomab CD10, CD3 2014 B-cell precursor ALL
Pembrolizumab PD1 2014 Metastatic melanoma with a BRAFV600E or BRAFV600K mutation
Nivolumab PD1 2014 Metastatic melanoma
MPDL3280A PDL1 2014 Metastatic bladder cancer
Olaparib PARP1 and -2 2014 Ovarian cancer
Idelalisib PI3K p100D 2014 CLL in combination with rituximab

Abbreviations: ALL, acute lymphocytic leukemia; CLL, chronic lymphocytic leukemia; CML, chronic myeloid leukemia; CRC, colorectal cancer; Fc, fragment, crystallizable; 
FDA, US Food and Drug Administration; FOLFOX, fluoropyrimidine � leucovorin � oxaliplatin; FOLFIRI, fluoropyrimidine � leucovorin � irinotecan; GIST, gastrointestinal 
stromal tumor; NSCLC, non-small-cell lung carcinoma; RCC, renal cell carcinoma.

Table 2 Three groups of FDA-approved targeted therapies for metastatic CRCs

Target Examples Mode of action Comments References

EGFR Cetuximab Monoclonal antibody to EGFR First-line therapy: cetuximab � FOLFIRI or 
FOLFOX, overall survival was 23.5 months

48, 49

Panitumumab Monoclonal antibody to EGFR First-line therapy: panitumumab � FOLFOX, 
improved median overall survival of 26 months

50

VEGF Bevacizumab Monoclonal antibody to VEGFA First-line therapy in combination with  
oxaliplatin-based therapy

19

Aflibercept Recombinant protein, decoy 
receptor for VEGFA, -B, and PIGF

Combination with FOLFIRI resulted in longer 
median overall survival and progression-free survival

22

Multikinase Regorafenib Tyrosine-kinase inhibitor of 
VEGFR1–3, TIE2

CORRECT trial 24

Abbreviations: CRCs, colorectal cancers; FDA, US Food and Drug Administration; FOLFOX, fluoropyrimidine � leucovorin � oxaliplatin; FOLFIRI, fluoropyrimidine � 
leucovorin � irinotecan.



when used as single agents in unselected patients 
with chemotherapy-refractory mCRC, achieved a RR of 
only 10%[10,11]. This low RR suggests that the majority 
of tumours harbour genetic alterations in proteins 
involved in EGFR pathway that impair the response to 
the anti-EGFR moAbs (intrinsic or primary resistance). 
Moreover, even the subset of patients who initially 
respond to these treatments will ultimately become 
refractory in approximately 3-18 mo by developing 
secondary (or acquired) resistance to anti-EGFR 
drugs[12]. These phenomenon might be explained if 
we consider that CRC, and in particular metastatic 
disease, is highly heterogeneous[13]. This heterogeneity 
implies that tumours from the same organ might have 
a completely different molecular landscape (inter-
tumour heterogeneity) as well as different sensitivity 
to targeted agents, depending on which pathway is 
driving their growth. Furthermore, even in the same 
lesion, we might find clones with different sensitivity 
to drugs (intra-tumour heterogeneity) depending 
on the different molecular alterations harboured[14]. 
Unfortunately, to date, the molecular characteristics 
that allow the response to anti-EGFR moAbs are not 
yet completely understood, and the lack of predictive 
biomarkers do not permit the selection of patients who 
will potentially respond to these drugs. For instance, 
differently from other cancers, mutations in the EGFR 
or in downstream effectors of its signalling cascades 
(e.g., KRAS, NRAS, BRAF, PIK3CA and PTEN loss) are 
not predictive of the efficacy of targeted agents[15,16].

In the era of targeted medicine, translational and 
clinical research efforts are being spent to better 
understand the complex molecular landscape of 
tumours to increasingly tailor the treatments to the 
molecular characteristics of the specific patient. The 
aim of this review is to provide an overview of the 
molecular mechanisms that underlie both primary and 
acquired resistance to anti-EGFR drugs in mCRC and 
to discuss possible future ways to circumvent them.

PRIMARY AND ACQUIRED RESISTANCE
Two sides of the same coin
The mechanisms of resistance to anti-EGFR moAbs can 
be categorized as primary or acquired according to the 
time of onset in respect to the treatment with these 
drugs, and also, although without a strict boundary, by 
the molecular alterations underlying them (Figure 2). 
Generally, the most frequent mechanisms of resistance 
are a result of genomic alterations in downstream 
effectors (e.g., KRAS, NRAS, BRAF, and PIK3CA) of the 
EGFR signalling pathway, while the activation of other 
RTKs, such as MET or ERBB2 and their pathways, are 
more rare mechanisms[17-19]. In both cases, unless 
the EGFR continues to be pharmacologically blocked, 
an alternative signal transducer becomes activated, 
escaping the receptor inhibition. Notably, these genetic 
alterations have been identified as both mechanisms 
of primary and acquired resistance, and almost all 
of them biochemically converge on the activation of 
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Figure 1  Epidermal growth factor receptor and its downstream signaling pathway. Binding of ligands such as epidermal growth factor (EGF) to Epidermal 
growth factor receptor (EGFR) activates downstream Ras/ERK and PI3K/Akt pathways and regulates various physiological processes. The anti-EGFR monoclonal 
antibodies (mAbs) cetuximab and panitumumab block the activation of these pathways.
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No association with clinico-pathological parameters emerges
from most of these studies, although a trend towards worse
survival for HER2-positive patients was noted in a large cohort
(n = 1645) [29]. A possible association with tumour location in
the rectum has also been noted in several studies [29, 35], but
retrospective data from the phase 2 EXPERT-C trial, limited to
high-risk, locally advanced rectal cancer, showed a 2.8% preva-
lence of HER2 expression [37]. In addition, Missiaglia et al. [38]
reported that distal carcinomas are more likely to be HER2 amp-
lified compared with proximal carcinomas.
Early studies exploiting HER2 as a therapeutic target were

problematic due to the flawed study design (e.g. lack of con-
firmed target amplification and CRC-specific criteria, inad-
equate sample size, and absence of a rational HER2-targeted
combination strategy), and/or poor accrual when enrolment was
confined to HER2-overexpressing tumours only. In particular,
two trials of trastuzumab combined with chemotherapy in
HER2-overexpressing mCRC were prematurely closed due to
low accrual, despite evidence of activity [39, 40]. In these
studies, partial responses were obtained in 5 of 7 assessable
patients treated with trastuzumab plus irinotecan as first- or
second-line therapy [39], and in 5 of 21 assessable patients

treated with trastuzumab combined with 5-FU plus oxaliplatin in
second- or third-line [40] with an HER2 positivity (IHC 2+/3+)
rate of 4%–8%. Finally, two cases of mCRC patients with liver
metastases who demonstrated clinical response to capecitabine
and oxaliplatin (CapeOx) plus lapatinib, a dual HER2/EGFR
inhibitor, were reported, but no selection based on HER2 status
was carried out [41]. More recently, the ongoing Italian
HERACLES trial tested the combination of trastuzumab and
lapatinib in patients with HER2-positive and KRAS wild-type
chemorefractory mCRC. This combination was based on the pre-
clinical activity demonstrated in a molecularly annotated platform
of patient-derived xenografts [42]. Of the 914 patients with KRAS
exon 2 (codons 12 and 13) wild-type mCRC, 48 were HER2-
positive (5%). Of these patients, 27 were eligible for the trial. At a
median follow-up of 94 weeks, 8 patients had achieved an object-
ive response, with 1 (4%) achieving a complete response, and 7
(26%) achieving partial responses; 12 (44%) patients had stable
disease [11]. These results should be regarded as extraordinary
given the heavily pre-treated population of the study (median 5
prior regimens), showing for the first time that there is a genetic-
ally defined subpopulation of CRC (5% of KRASWT) with sensi-
tivity to pharmacological blockade of a specific oncogenic
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No association with clinico-pathological parameters emerges
from most of these studies, although a trend towards worse
survival for HER2-positive patients was noted in a large cohort
(n = 1645) [29]. A possible association with tumour location in
the rectum has also been noted in several studies [29, 35], but
retrospective data from the phase 2 EXPERT-C trial, limited to
high-risk, locally advanced rectal cancer, showed a 2.8% preva-
lence of HER2 expression [37]. In addition, Missiaglia et al. [38]
reported that distal carcinomas are more likely to be HER2 amp-
lified compared with proximal carcinomas.
Early studies exploiting HER2 as a therapeutic target were

problematic due to the flawed study design (e.g. lack of con-
firmed target amplification and CRC-specific criteria, inad-
equate sample size, and absence of a rational HER2-targeted
combination strategy), and/or poor accrual when enrolment was
confined to HER2-overexpressing tumours only. In particular,
two trials of trastuzumab combined with chemotherapy in
HER2-overexpressing mCRC were prematurely closed due to
low accrual, despite evidence of activity [39, 40]. In these
studies, partial responses were obtained in 5 of 7 assessable
patients treated with trastuzumab plus irinotecan as first- or
second-line therapy [39], and in 5 of 21 assessable patients

treated with trastuzumab combined with 5-FU plus oxaliplatin in
second- or third-line [40] with an HER2 positivity (IHC 2+/3+)
rate of 4%–8%. Finally, two cases of mCRC patients with liver
metastases who demonstrated clinical response to capecitabine
and oxaliplatin (CapeOx) plus lapatinib, a dual HER2/EGFR
inhibitor, were reported, but no selection based on HER2 status
was carried out [41]. More recently, the ongoing Italian
HERACLES trial tested the combination of trastuzumab and
lapatinib in patients with HER2-positive and KRAS wild-type
chemorefractory mCRC. This combination was based on the pre-
clinical activity demonstrated in a molecularly annotated platform
of patient-derived xenografts [42]. Of the 914 patients with KRAS
exon 2 (codons 12 and 13) wild-type mCRC, 48 were HER2-
positive (5%). Of these patients, 27 were eligible for the trial. At a
median follow-up of 94 weeks, 8 patients had achieved an object-
ive response, with 1 (4%) achieving a complete response, and 7
(26%) achieving partial responses; 12 (44%) patients had stable
disease [11]. These results should be regarded as extraordinary
given the heavily pre-treated population of the study (median 5
prior regimens), showing for the first time that there is a genetic-
ally defined subpopulation of CRC (5% of KRASWT) with sensi-
tivity to pharmacological blockade of a specific oncogenic
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when used as single agents in unselected patients 
with chemotherapy-refractory mCRC, achieved a RR of 
only 10%[10,11]. This low RR suggests that the majority 
of tumours harbour genetic alterations in proteins 
involved in EGFR pathway that impair the response to 
the anti-EGFR moAbs (intrinsic or primary resistance). 
Moreover, even the subset of patients who initially 
respond to these treatments will ultimately become 
refractory in approximately 3-18 mo by developing 
secondary (or acquired) resistance to anti-EGFR 
drugs[12]. These phenomenon might be explained if 
we consider that CRC, and in particular metastatic 
disease, is highly heterogeneous[13]. This heterogeneity 
implies that tumours from the same organ might have 
a completely different molecular landscape (inter-
tumour heterogeneity) as well as different sensitivity 
to targeted agents, depending on which pathway is 
driving their growth. Furthermore, even in the same 
lesion, we might find clones with different sensitivity 
to drugs (intra-tumour heterogeneity) depending 
on the different molecular alterations harboured[14]. 
Unfortunately, to date, the molecular characteristics 
that allow the response to anti-EGFR moAbs are not 
yet completely understood, and the lack of predictive 
biomarkers do not permit the selection of patients who 
will potentially respond to these drugs. For instance, 
differently from other cancers, mutations in the EGFR 
or in downstream effectors of its signalling cascades 
(e.g., KRAS, NRAS, BRAF, PIK3CA and PTEN loss) are 
not predictive of the efficacy of targeted agents[15,16].

In the era of targeted medicine, translational and 
clinical research efforts are being spent to better 
understand the complex molecular landscape of 
tumours to increasingly tailor the treatments to the 
molecular characteristics of the specific patient. The 
aim of this review is to provide an overview of the 
molecular mechanisms that underlie both primary and 
acquired resistance to anti-EGFR drugs in mCRC and 
to discuss possible future ways to circumvent them.

PRIMARY AND ACQUIRED RESISTANCE
Two sides of the same coin
The mechanisms of resistance to anti-EGFR moAbs can 
be categorized as primary or acquired according to the 
time of onset in respect to the treatment with these 
drugs, and also, although without a strict boundary, by 
the molecular alterations underlying them (Figure 2). 
Generally, the most frequent mechanisms of resistance 
are a result of genomic alterations in downstream 
effectors (e.g., KRAS, NRAS, BRAF, and PIK3CA) of the 
EGFR signalling pathway, while the activation of other 
RTKs, such as MET or ERBB2 and their pathways, are 
more rare mechanisms[17-19]. In both cases, unless 
the EGFR continues to be pharmacologically blocked, 
an alternative signal transducer becomes activated, 
escaping the receptor inhibition. Notably, these genetic 
alterations have been identified as both mechanisms 
of primary and acquired resistance, and almost all 
of them biochemically converge on the activation of 
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Figure 1  Epidermal growth factor receptor and its downstream signaling pathway. Binding of ligands such as epidermal growth factor (EGF) to Epidermal 
growth factor receptor (EGFR) activates downstream Ras/ERK and PI3K/Akt pathways and regulates various physiological processes. The anti-EGFR monoclonal 
antibodies (mAbs) cetuximab and panitumumab block the activation of these pathways.
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ers for the early detection of  CRC and prediction of  
prognosis. Several publications report a prognostic role 
for promoter CIMP markers, such as p16INK4A, p14ARF, 
MGMT, HPP1, HLTF, and ID4, but their effects seem to 
be dependent on the presence of  other methylated mark-
ers or adjuvant treatment[139]. A prognostic role was also 
suggested for CIMP, and a worse prognosis for patients 
with CIMP CRCs was observed in most studies, although 
conflicting results have also been reported[140]. These 
examples of  the potential prognostic use of  alterations 
in DNA methylation highlight the need for validation of  
their clinical utility in observational, population-based 
studies to assess the natural course of  the disease.

Despite these examples and other studies of  predic-
tive and prognostic epigenetic markers in CRC, none 
have yet been developed to the point of  clinical utility. 
Continued efforts to investigate these molecular mecha-
nisms will allow for a better understanding of  the role of  
epigenetic alterations in CRC and will lead to the transla-
tion of  these insights into the clinical arena.

CONCLUSION
Currently, the treatment of  advanced CRC varies and 
oncologists face complicated decisions in the selection 
of  the most appropriate treatment options for their pa-
tients. Predictive and prognostic biomarkers can facilitate 
clinical decision-making and are becoming increasingly 
important with the development of  targeted therapies for 
advanced CRC. The identification of  molecular biomark-
ers that have predictive and/or prognostic significance in 
CRC is essential to improve anti-cancer treatments and 
patient outcome[144]. Several molecular biomarkers have 
been studied over the past two decades and encouraging 
improvements have been achieved. However, the results 
of  published studies have often been conflicting and 
several drawbacks affect the reliability of  conclusions[145]. 
First, most published studies were retrospective analyses 

of  a single marker or included a small sample size. These 
study designs are unlikely to accurately predict disease 
progression with sufficient resolution and reproducibil-
ity. Second, data analysis and interpretation still remain 
challenging, although many advances have been made in 
technologies for profiling and in decreasing the require-
ments of  the input material. The data from current stud-
ies usually lack definition, adequate validation, and cannot 
be used in clinical practice for decision-making. Further-
more, the lack of  methodology standardization involved 
in the detection of  biomarkers, the lack of  compre-
hensive analysis of  a particular molecular pathway, and 
incomplete analysis of  biomarkers have all contributed 
to the frustration associated with biomarker validation. 
Therefore, to date, only KRAS gene has entered routine 
clinical practice as a predictive marker of  response to 
EGFR-targeted therapies in advanced CRC. 

A number of  comprehensive biomarker-driven 
studies are currently underway. BRAF V600E muta-
tion is prognostic of  patient outcome with respect to 
survival, but not clearly predictive of  treatment effects 
with anti-EGFR agents in patients with mCRC. The low 
prevalence of  such mutations makes it difficult to evalu-
ate these mutations as predictive biomarkers in clinical 
practice. The predictive and prognostic value of  PIK3CA 
mutation, PTEN deletion and TP53 mutation is pres-
ently under evaluation, but clinicians are currently unable 
to use these data in clinical practice for decision-making. 
In the future, NRAS, PIK3CA and PTEN status may 
be useful when combined with KRAS and BRAF muta-
tion analysis to predict which mCRC patients will benefit 
from anti-EGFR therapy (Figure 1). The identification 
of  a biomarker to predict response to anti-VEGF agents 
is lacking, and further data are required from large well 
designed prospective studies to understand the biological 
processes underlying response and/or resistance. Novel 
prospective randomized controlled trials are needed to 
determine the role of  various putative molecular markers, 
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Figure 1  Prevalence of epidermal growth factor receptor pathway deregulations and response to monoclonal antibodies targeting epidermal growth factor 
receptor in chemotherapy-refractory advanced colorectal cancer. 
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(26.7%) and PIK3CA E542K (15.6%) mutations. Such 
differences in mutant allele frequencies implies complex 
intra-tumor heterogeneity, which may also contribute to 
the lack of response to cetuximab.

Genetic alteration and duration of treatment 
response

In addition to changes in tumor size, we also 
examined whether genetic mutations affected the 
duration of response. The median duration of response to 
cetuximab-based treatment was 10.6 months (range, 2.7 to 
51.7 months; mean, 11.4 months). The median response 
durations the 30 responders and the 23 non-responders 
were 11.4 months (range, 4.4 – 51.7 months; mean, 
13.1 months) and 8 months (range, 2.7 to 26.4 months; 
mean, 9.1 months), respectively. A Kaplan-Meier plot 
revealed that patients with mutated KRAS exon 3/4 had 
shorter median response durations than patients with 
wild-type KRAS (6.3 vs. 11.2 months, respectively; log-
rank p-value < 0.0001; Figure 5A). Similarly, patients 
with mutated BRAF had shorter median response durations 
than patients with wild-type BRAF (7.4 vs. 11.5 months, 

respectively; log-rank p-value = 0.0015; Figure 5B). 
Furthermore, patients with mutated KRAS/NRAS/BRAF 
had lower response rates and shorter median response 
durations than wild-type patients (7.1% vs. 74.4% and 11.6 
vs. 8.0 months, respectively; log-rank p-value = 0.0078; 
Figure 5C). In contrast, no difference in response duration 
was observed between patients with mutated and wild-
type PIK3CA genes (p = 0.624; Figure 5D).

We further evaluated the ability of genetic 
mutations and other clinicopathological risk factors, 
including sex (male vs female), age ( > 70 vs ≤ 70), pT 
stage (T4 vs T2–3), pN stage (N2 vs N0–1), p-Stage 
(IV vs I–III), histologic grade (high vs low), metastatic 
pattern (metachronous vs synchronous), primary tumor 
site (rectum vs colon), number of metastatic sites ( > 1 
vs 1), and treatment regimen (3rd-line vs 1st-line), to 
predict cetuximab response duration. Univariate analysis 
revealed that higher age, multiple metastatic sites, KRAS 
mutations, BRAF mutations, and mutated KRAS/NRAS/
BRAF were associated with shorter response durations 
(Table 3). Multivariate analysis indicated that the presence 
of multiple metastatic sites and mutated KRAS, BRAF, 
and KRAS/NRAS/BRAF were independent risk factors for 

Table 2: Association between genetic alterations and treatment outcome
Gene 

symbol
Mutation 

 status
Treatment outcome

p value*
Responders (n = 30) Non-responders (n = 23)

BRAF
WT 30 17

0.004
Mut 0 6

KRAS
WT 30 18

0.012
Mut 0 5

NRAS
WT 29 20

0.305
Mut 1 3

BRAF/
KRAS/NRAS

WT 29 10
0.000

Mut 1 13

PIK3CA
WT 27 20

1.000
Mut 3 3

AKT1
WT 30 22

0.434
Mut 0 1

PTEN
WT 28 23

0.499
Mut 2 0

PIK3CA/
AKT1/ 
PTEN

WT 25 19
1.000

Mut 5 4

TP53
WT 11 9

1.000
Mut 19 14

*: Fisher exact p-value



Resistance :
Activation of effectors downstream of EGFR, such as mutant BRAF,
PIK3CA, PTEN inactivation and PTEN loss, are associated with
resistance. Approximately 25% of CRC patients with wild-type KRAS,
BRAF, PIK3CA, and PTEN do not respond to cetuximab.

Other mechanisms include amplification of MET, overexpression of
IGF1R, overexpression of EGFR ligands and receptors, such as ErbB2
and amphiregulin, modulation of EGFR by Src-family kinases,
transactivation of alternative pathways that bypass the EGFR pathway,
such as MET and IGFR, ubiquitination, expression of EGFR variant III, and
induction of EGFR translocation.



codons 12 (70%-80%) and 13 (15%-20%), whereas 
only a small percentage has been found in codons 61 
(5%) and 146 (5%). These point mutations impair 
the intrinsic ATPase activity of RAS and cause the 
accumulation of mutant proteins in the active confor-
mation (GTP-bound). The latter leads to constitutive 
MAPK pathway activation, regardless of the EGFR 
inhibition, that results in mitogenic and antiapoptotic 
signalling[17]. The mutational status of KRAS is highly 
concordant between the primary tumour and the 
metastasis, suggesting it has a role in the early 
processes of carcinogenesis[24].

In the early clinical trials in which cetuximab and 
panitumumab were used as monotherapies to treat 
patients with chemorefractory mCRC, an objective 
response rate (ORR) of only 10% was achieved[10,11]; 
these findings motivated researchers to elucidate the 
factors that were negatively impacting the efficacy 
of these drugs. In particular, retrospective analysis 
of KRAS mutational status from tumour samples of 
several randomized trials were able to strongly support 
the hypothesis that the KRAS mutations in codons 
12 and 13 (exon 2) were associated with the lack of 
patient response to EGFR moAbs[17,25-27]. All together, 
the evidence led the American and European health 
authorities in 2009 to restrict the use of panitumumab 
and cetuximab only to the approximately 60% of 
patients with KRAS exon 2 WT tumours[26,28-31].

the MEK-ERK pathway[12]. The only exceptions are 
represented by rare mutations either in the ECD or 
in the tyrosine kinase domain of EGFR that have only 
been described as acquired mechanisms of resistance 
in patients treated with anti-EGFR moAbs[20-22]. Further-
more, different from primary resistance, acquired 
resistance is generally sustained by several genetic 
alterations that concomitantly emerge at treatment 
failure[22]. These aberrations may arise either as 
new genetic alterations, due to treatment-induced 
mutagenesis and tumour-intrinsic genomic instability 
(e.g., mutations in ECD or tyrosine kinase domain 
of EGFR), or through the positive selection pressure 
of anti-EGFR therapies on a resistant subpopulation 
of cells already present in the original tumour[13]. 
Because of the overlapping of resistance mechanisms, 
the next chapters are focused on the description of 
single molecular alterations and whether the resulting 
mechanisms of resistance can be categorized as 
primary, secondary or both. 

RAS
RAS is a family of three small GTPases (KRAS, NRAS, 
and HRAS) that work as downstream effectors 
within the mitogen-activated protein kinase (MAPK) 
pathway, coupling EGFR with intracellular signalling 
cascades[23]. The KRAS gene has been found mutated 
in approximately 40% of CRCs, mostly in exon 2 
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Figure 2  Mechanisms of resistance to anti-epidermal growth factor receptor monoclonal antibodies in metastatic colorectal cancer. A: Activating mutations 
of EGFR effectors, such as RAS, BRAF and PI3KCA, or PTEN loss of function, cause persistent activation of downstream signaling regardless of EGFR inhibition; B: 
Mutations in extracellular domain of EGFR inhibit cetuximab binding, but not panitumumab, mediating acquired resistance. Mutations in kinase domain of EGFR led 
pathways activation in the context of acquired resistance; C: Amplification/activation of alternative receptors such as HER2 or MET, can bypass the EGFR blockade 

and mediate pathways activation. EGFR: Epidermal growth factor receptor.
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GENE NAME METHOD PATHOLOGY DRUG

FOR CRC: MSI TEST, KRAS 
(EXON 2,3,4), NRAS (EXON

2,3,4

NGS ONCOLOGY
PANEL

COLORECTAL CANCER, 
FFPE

ERBITUX (CETUXIMAB) 
VECTIBIX (PANITUMUMAB)

KRAS (EXON 2,3,4), NRAS 
(EXON 2,3,4) NGS COLORECTAL CANCER, 

FFPE VECTIBIX (PANITUMUMAB)

KRAS -SEVEN SOMATIC 
MUTATIONS IN CODONS 12 
AND 13  (2 PROVIDERS)

FAST REAL-TIME 
PCR

COLORECTAL CANCER, 
FFPE ERBITUX (CETUXIMAB) 

VECTIBIX (PANITUMUMAB)

EGFR IHC ERBITUX (CETUXIMAB) 
VECTIBIX (PANITUMUMAB)

BRAFV600E FAST REAL-TIME 
PCR

COLORECTAL CANCER,
FFPE

BRAFTOVI (ENCORAFENIB) –COMBINATION WITH 
ERBITUX (CETUXIMAB) )



FDA approved test

GENE NAME METHOD PATHOLOGY DRUG

EGFR IHC ERBITUX (CETUXIMAB) 
VECTIBIX (PANITUMUMAB)

&('3�QIBSN%Y5.����Interpretation Manual

� 1"5)0-0(:

'PS�*O�7JUSP�%JBHOPTUJD�6TF��FDA-approved as an aid in identifying colorectal cancer 
patients eligible for treatment with Erbitux® (cetuximab) and VectibixTM (panitumumab).
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4UFQ��
Application of Labeled Polymer, 
HRP. Incubate 30 minutes.

4UFQ��
Application of Substrate-Chromogen. 
Incubate 10 minutes.

4UFQ��
Application of Peroxidase Block. 
Incubate 5 minutes.

'JHVSF��
Kit Procedure for Automation

4UFQ��
Application of Proteinase K. 
Incubate 5 minutes.

4UFQ��
Application of Primary Antibody. 
Incubate 30 minutes.

The EGFR pharmDx™ Kit

The EGFR pharmDxTM assay is a qualitative immunohistochemical (IHC) kit system to 

identify epidermal growth factor receptor (EGFR) expression in normal and neoplastic 

tissues routinely fixed for histological evaluation. EGFR pharmDxTM specifically detects the 

EGFR (HER1) protein in EGFR-expressing cells.

EGFR pharmDxTM is FDA-approved as an aid in identifying colorectal cancer patients 

eligible for treatment with Erbitux® (cetuximab) or VectibixTM (panitumumab).

Following incubation with the primary monoclonal antibody to human EGFR protein, 

this kit employs a ready-to-use visualization reagent based on dextran technology. This 

reagent consists of both secondary goat anti-mouse antibody molecules and horseradish 

peroxidase molecules linked to a common dextran polymer backbone, thus eliminating the 

need for sequential application of link antibody and peroxidase conjugate. The enzymatic 

conversion of the subsequently added chromogen results in formation of a visible reaction 

product at the antigen site. The specimen may then be counterstained and coverslipped. 

Results are interpreted using a light microscope. Control slides containing two formalin-

fixed, paraffin-embedded human cell lines with staining intensity scores of 2+ and 0 are 

provided for validation of the kit reagent performance.

5XP�&('3�QIBSN%Y��,JU�$POGJHVSBUJPOT�BSF�"WBJMBCMF
�
K1492 &('3�QIBSN%Y��,JU�GPS�.BOVBM�6TF  35 Test

K1494 &('3�QIBSN%Y��,JU�GPS�UIF�%BLP�"VUPTUBJOFS�"VUPTUBJOFS�1MVT�  50 Test

5IF�&('3�QIBSN%Y��,JU�*ODMVEFT�

N��� Proteinase K

N��� Peroxidase Block

N���Dako EGFR pharmDxTM Monoclonal Mouse Antibody

N��� Mouse IgG1 Negative Control Reagent

N��� Labeled Polymer, HRP

N��� DAB+ Substrate Buffer

N��� Liquid DAB+ Chromogen

N���Dako Wash Solution 10x

N��� Dako EGFR pharmDxTM  Control Slides
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EGFR IHC ERBITUX (CETUXIMAB) 
VECTIBIX (PANITUMUMAB)
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Patient Name_______________________________________  Collection Date _____________________________________

Ordering Physician _________________________________  Received Date _____________________________________

Ordering Facility ____________________________________  Report Date ________________________________________

Medical Record # ___________________________________  Lab Reference # ____________________________________

Speciman ID # _____________________________________  Tumor Source ______________________________________

Date of Birth _______________________________________  Patient Gender _____________________________________

%FTDSJQUJPO

�
1BUJFOU�3FTVMU�

&('3�QSPUFJO���������� ��1PTJUJWF��������� ��/FHBUJWF

EGFR pharmDxTM is indicated as an aid in identifying  

colorectal cancer patients eligible for treatment with  

Erbitux® (cetuximab) or VectibixTM (panitumumab).

EGFR pharmDx™ Staining Results
 

These definitions of positive and negative results are in accord with published literature12, but may require modification in specific contexts.

$MJOJDBM�5SJBMT

Several clinical trials of EFGR-targeted therapies 

(cetuximab and panitumumab) have been performed. 

Patients whose tumors had EFGR expression as 

demonstrated using the Dako EFGR pharmDxTM assay 

were eligible for study enrollment. The response rate 

for EGFR-negative patients and patients with EGFR-

positive staining in less than one percent of tumor cells is 

unknown as no such patients were present in the clinical 

drug trials. Tumors with EGFR-positive staining in ≥1% of 

their cells are considered EGFR expressing with regard 

to the current EFGR-targeted therapy indications for use. 

Deparaffinized tissue and appropriate control tissue 

sections are stained using the FDA-approved Dako 

EGFR pharmDxTM immunohistochemistry kit.

Tumors should be reported as EGFR positive or EGFR 

negative using membrane staining as the evaluable 

structure. A tumor cell is EGFR positive if it exhibits 

BOZ membrane staining above background, whether 

or not it is completely circumferential. A tumor with no 

membrane staining above background in any tumor  

cell is reported as an EGFR-negative tumor.
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�3FQPSU�UP�5SFBUJOH�1IZTJDJBO� %FGJOJUJPO

� &('3�/FHBUJWF�5VNPS Absence of membrane staining above background in all tumor cells.

� &('3�1PTJUJWF�5VNPS  EGFR-positive staining is defined as BOZ IHC staining of tumor cell NFNCSBOFT above 

background level; whether it is complete or incomplete circumferential staining.

  4UBJOJOH�*OUFOTJUZ 1FSDFOU�PG�5VNPS�$FMMT�4UBJOJOH 
  1+, 2+, or 3+ >0%
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Image Guide for Interpretation

Colorectal adenocarcinoma, no staining, 0 staining intensity;  
10x magnification.

Colorectal adenocarcinoma, no staining, 0 staining intensity; 
20x magnification.

Colorectal adenocarcinoma, membrane staining, 1+ staining intensity; 
20x magnification.

Colorectal adenocarcinoma, membrane staining, 1+ staining intensity; 
40x magnification.

Colorectal adenocarcinoma, membrane staining, 2+ staining intensity; 
20x magnification.

Colorectal adenocarcinoma, membrane staining, 2+ staining intensity; 
40x magnification.

Colorectal adenocarcinoma, membrane staining, 3+ staining intensity; 
20x magnification.

Colorectal adenocarcinoma, membrane staining, 3+ staining intensity; 
40x magnification.

&('3�QIBSN%Y��*OUFSQSFUBUJPO�(VJEFMJOFT

Dako emphasizes that interpretation of EGFR pharmDxTM should be performed within the context of the pathologist’s past 

experience and best medical judgment. This guide will highlight examples of EGFR pharmDxTM positivity and negativity, 

different staining intensities and areas of interpretation that are potentially problematic for EGFR pharmDxTM users. 

Examples of EGFR pharmDx™ Staining Intensity  
'JHVSF��
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Colorectal adenocarcinoma, no staining, 0 staining intensity;  
10x magnification.

Colorectal adenocarcinoma, no staining, 0 staining intensity; 
20x magnification.

Colorectal adenocarcinoma, membrane staining, 1+ staining intensity; 
20x magnification.

Colorectal adenocarcinoma, membrane staining, 1+ staining intensity; 
40x magnification.

Colorectal adenocarcinoma, membrane staining, 2+ staining intensity; 
20x magnification.

Colorectal adenocarcinoma, membrane staining, 2+ staining intensity; 
40x magnification.

Colorectal adenocarcinoma, membrane staining, 3+ staining intensity; 
20x magnification.

Colorectal adenocarcinoma, membrane staining, 3+ staining intensity; 
40x magnification.
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Dako emphasizes that interpretation of EGFR pharmDxTM should be performed within the context of the pathologist’s past 

experience and best medical judgment. This guide will highlight examples of EGFR pharmDxTM positivity and negativity, 

different staining intensities and areas of interpretation that are potentially problematic for EGFR pharmDxTM users. 

Examples of EGFR pharmDx™ Staining Intensity  
'JHVSF��
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$MJOJDBM�5SJBMT

Several clinical trials of EFGR-targeted therapies 

(cetuximab and panitumumab) have been performed. 

Patients whose tumors had EFGR expression as 
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Staining Patterns

'JHVSF���
Colorectal adenocarcinoma, example of heterogeneous positive staining; 
10x magnification. 

'JHVSF��
Colorectal adenocarcinoma, example of leading edge heterogenous positive staining; 
10x magnification.

'JHVSF����
Colorectal adenocarcinoma, example of homogeneous positive staining;  
20x magnification.

The Dako EGFR pharmDxTM stains a variety of normal and neoplastic tissues. Observed EGFR staining patterns are 

heterogeneous or homogeneous depending on the tissue and/or tumor type.

)FUFSPHFOFPVT�4UBJOJOH

Heterogeneity includes various staining intensities within 

a single neoplasm. The staining can show a range of 

0–3+ staining intensity. Cell staining patterns can also be 

heterogeneous, including membrane staining, cytoplasmic 

staining or both.

)PNPHFOFPVT�4UBJOJOH

Cancers with EGFR protein expression can also exhibit 

homogeneous staining patterns.
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Colorectal adenocarcinoma, example of homogeneous positive staining;  
20x magnification.
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KRAS -SEVEN SOMATIC 
MUTATIONS IN CODONS 12 
AND 13  (2 PROVIDERS)

FAST REAL-TIME 
PCR

COLORECTAL CANCER, 
FFPE ERBITUX (CETUXIMAB) 

VECTIBIX (PANITUMUMAB)

ü DNA sample assessment
ü Detection of KRAS mutations
ü 8 separate PCR amplifications: 7 mutation-

specific reactions in codons 12 and 13 of
exon 2 of the KRAS oncogene, and a wild-
type control in exon 4

ü ARMS analysis
ü Detection of amplification is performed

using Scorpions.
∆CT = [mutation assay CT value] – [control
assay CT value]
Based on predetermined analytical CT and
∆CT values, the instrument software
qualitatively determines the mutation status
of the DNA samples and reports which
samples contain which mutation.
ü



FDA approved test
GENE NAME METHOD PATHOLOGY DRUG

KRAS -SEVEN SOMATIC 
MUTATIONS IN CODONS 12 
AND 13  (2 PROVIDERS)

FAST REAL-TIME 
PCR

COLORECTAL CANCER, 
FFPE ERBITUX (CETUXIMAB) 

VECTIBIX (PANITUMUMAB)

For sections that are ≤20% tumor content
by area, macrodissect one or more sections.
Discard the non-tumor tissue.
Sample control reaction range: 21,92-32,00.
It means that Sample control reaction
CT>32.00, will display “Invalid”: Quantity of
DNA is not sufficient for mutation analysis.
Similarly, sample control reaction CT<21.92,
will display “Invalid”: DNA concentration is
too high for mutation analysis .
Further controls: Positve control, NTC

 

44 therascreen KRAS RGQ PCR Kit Instructions for Use (Handbook)   07/2012 

Cut-off 

Two hundred and twenty FFPE samples were tested using a method following 
guidance in NCCLS EP17-A (2004) to establish the cut-offs for the assay. The 
control reaction CT range was established as 21.92 to 32.00. The cut-off 
values, which are based on the CT of the control reaction subtracted from the CT 
of the mutant reactions ('CT) are shown in Table 10. 

Table 10. Established cut-off values for each mutation assay 

 
Mutant assay ('CT) 

 12ALA 12ASP 12ARG 12CYS 12SER 12VAL 13ASP 

Cut-off ('CT) ≤ 8.0 6.6 8.0 8.0 8.0 7.5 7.5 
 

Limit of blank  

To assess performance of the therascreen KRAS RGQ PCR Kit in the absence of 
mutant positive template, and to ensure that a blank sample does not generate 
an analytical signal that may indicate a low concentration of mutation, samples 
with no template were evaluated. The results demonstrated no detectable 
control or mutant CT values in any of the mutation or control reaction tubes 
(internal control CT values were all valid).  

Comparison to analytical reference method 

Two studies were conducted to demonstrate the concordance in mutation status 
of CRC samples tested with the therascreen KRAS RGQ PCR Kit relative to bi-
directional sequencing. In the first study, 350 procured tumor samples from 
CRC patients were selected based on a set of baseline clinical, demographic, 
and tumor specimen characteristics. Using a statistical random sampling 
technique, 150 samples of unknown mutation status were chosen for 
evaluation. These (150) FFPE samples were tested and subsequently analyzed in 
this study using statistical measures of agreement/disagreement from the CLSI 
EP12-A2 Guidance (2008). A total of 137 of the FFPE samples returned valid 
results for both the therascreen KRAS RGQ PCR Kit and bi-directional 
sequencing. The results demonstrated that the KRAS Kit reported two samples as 
negative, one of which bi-directional sequencing indicated to be positive for 
12ASP and the other indicated by bi-directional sequencing to be 13ASP. In 
contrast, three samples were reported as having a KRAS mutation by the KRAS 
Kit which was not reported as positive by bi-directional sequencing. In addition, 
one sample identified as 12ARG by the KRAS Kit was determined to be 12ASP 
by bi-directional sequencing. There were 5 samples determined to be mutation 
negative by bi-directional sequencing that were either indeterminate 
(3 samples) or invalid (2 samples) by the therascreen KRAS RGQ PCR Kit (data 

Samples are classed as mutation positive: if they give a ∆CT ≤ to the cutoff ∆CT value for that assay.
Above this value, the sample may either contain less than the percentage of mutation able to be detected by the
assay (beyond the limit of the assays), or the sample is mutation negative which would be reported as “No
Mutation Detected”. No amplification in mutation reactions will be scored as “No Mutation Detected”. ∆CT values
calculated from background amplification are expected to be greater than the cutoff ∆CT values and the sample
will be classed as “No Mutation Detected”.


