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Introduction

Colorectal cancer (CRC) is the fourth most frequently 
diagnosed cancer and the second leading cause of cancer 
death in the United States accounting for 143,460 new 
cases and 51,690 deaths (1). At initial diagnosis, 40-50% 
of patients with CRC have metastatic disease highlighting 
the importance of effective systemic therapy (2). During 
the past 10 years, chemotherapeutic agents including 
oxaliplatin, irinotecan, cetuximab (CTX), panitumumab 
(PAM), bevacizumab, aflibercept and regorafenib (3-6),  
have been approved as an addition to the traditional 
fluorouracil (5-FU) treatment, doubling the median overall 
survival (OS) from approximately 12 to 22 months. The 
introduction of these agents has significantly increased 
the cost of care for CRC. In addition, these agents have 
potential for serious side effects. Both these considerations 
have raised the question of Biomarker development based 
on the mechanism of resistance as a method to select 
patients who would benefit from a specific therapeutic 
approach. The identification of Kirsten rat sarcoma-2 virus 
oncogene (KRAS) mutation as a mechanism of resistance 
to cetuximab (Erbitux®, Imclone, NY, USA) (7-9) and 
panitumumab (Vectibex®, ABX-EGF, Amgen, Thousand 
Oaks, CA, USA) (10-13), ushered the era of personalized 
medicine in CRC. Approximately, 40% of patients with 
CRC have KRAS mutations and are resistant to EGFR 
inhibitors. The presence of KRAS WT does not guarantee 

benefit from EGFR inhibitors; therefore other pathways of 
resistance and potential predictive biomarkers are greatly 
needed to identify the non-responders as well as those who 
will develop resistance after initial response in KRAS WT 
metastatic colorectal cancer (mCRC) patients.

Epidermal growth factor receptor (EGFR)

EGFR has been identified in many human epithelial 
cancers, including head and neck squamous-cell carcinoma, 
CRC, breast, pancreatic, non-small cell lung and brain 
cancer. EGFR is a glycoprotein of 170 kDa, encoded by 
a gene located on chromosome 7p12. The EGFR is a 
member of the human epidermal tyrosine kinase receptor 
(Her) family, which consists of EGFR (erbB1/Her1),  
Her2/neu (erbB2), Her3 (erbB3) and Her4 (erbB4). EGFR 
has an extracellular ligand-binding domain (domains 
I, II, III, IV), a single membrane-spanning region, a 
juxtamembrane nuclear localization signal and a cytoplasmic 
tyrosine kinase domain. Activation of the EGFR by ligands 
such as EGF, TGFα, amphiregulin, heparin-binding 
EGF, betacellulin and epiregulin in receptor hetero or 
homodimerization and activation of the tyrosine kinase 
domain. Phosphorylated cytoplasmic tails serve as docking 
sites for numerous proteins that contain src homology 
and phosphotyrosine-binding domains. EGFR activation 
stimulates complex intracellular signaling pathways that 
are tightly regulated by the presence and identity of the 
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ligand, heterodimer composition, and the availability 
of phosphotyrosine-binding proteins. The two primary 
signaling pathways activated by EGFR are the RAS-RAF-
MAPK and PI3K-PTEN/PTEN/AKT pathways (Figure 1). 
When activated, the PI3K/AKT pathway leads to protein 
synthesis, cell growth, survival, and mobility. The RAS/
RAF/MAPK pathway leads to cell cycle progression and  
proliferation (14,15).

KRAS

The human homolog of the KRAS oncogene, encodes a 
small GTP binding protein that acts as a self-inactivating 
signal transducer by cycling from GDP- to GTP-bound 
states in response to stimulation of a cell surface receptor, 
including EGFR. KRAS can harbor oncogenic mutations 
that yield a constitutively active protein. Given that 
KRAS has a pivotal role in the transduction of EGFR 
signaling, evaluation of the impact of KRAS mutations 
as a mechanism of resistance to EGFR inhibition was a 
rational approach. Activating KRAS mutations in codon 
12 are detected in approximately 35% to 45% of CRC (in 
the primary and metastatic site but not in lymph nodes). 

Several retrospective trials have demonstrated resistance 
to anti-EGFR targeted agents in patients whose tumors 
harbor the KRAS mutation (6,16). Summary of these trials 
are presented in Table 1. The role of KRAS mutation in 
resistance to EGFR inhibitors is best demonstrated in two 
pivotal trials that compared single agent EGFR inhibitor 
to best supportive care. In the first trial (NCIC trial),  
572 patients  with chemo-refractory disease were 
randomized to either CTX or best supportive care (BSC) as 
third line treatment. Cetuximab treatment was associated 
with a significant improvement in OS (HR, 0.77; 95% 
CI, 0.64 to 0.92; P=0.005) and in PFS (HR, 0.68; 95% 
CI, 0.57 to 0.80; P<0.001) (5). In a subgroup analysis, 394 
of 572 patients were analyzed. Patients with KRAS WT 
demonstrated a statistically significant improvement in OS 
(median, 9.5 vs. 4.8 months; HR, 0.55; 95% CI, 0.41 to 
0.74; P<0.001) and PFS (median, 3.7 vs. 1.9 months; HR, 
0.40; 95% CI, 0.30 to 0.54; P<0.001). Patients with KRAS 
mutated tumors did not demonstrate any benefit in OS or 
PFS in CTX as compared to best supportive care (HR, 0.98; 
P=0.89) PFS (HR, 0.99; P=0.96) (27). Similar results were 
observed in a randomized trial that compared PAM to BSC 
in patients with chemo refractory mCRC. Patients with 
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Figure 1 EGFR biology. Ligand, red, (epiregulin, amphiregulin) binding to the extracellular domain of the EGFR, causes homo or 
heterodimerization, leading to phosphorylation of the cytoplasmic tail tyrosine residues (yellow). Activated EGFR leads to activation 
of KRAS, which in turn activates the oncogene BRAF, mitogen-activated protein kinase kinase (MEK), and mitogen-activated protein 
kinase (MAPK), and leads to expression of growth-promoting genes. In addition to activation of KRAS, EGFR activates PIK3CA which in 
turn, phosphorylates phosphatidylinositol-2-phosphate (PIP2) to phosphatidylinositol-3-phosphate (PIP3) and activates AKT and several 
downstream effectors, resulting protein synthesis, cell growth, survival, proliferation, migration and angiogenesis Resistance mechanisms 
have been proposed, some are shown in this figure with miRNA-143 which has low expression in tumor cells leading to less inhibition of 
KRAS and more tumor proliferation. Red squares represent EGFR ligands (erpiregulin and amphiregulin). Red lines represent inhibition



310 Shaib et al. Resistance to anti-EGFR therapy in colorectal cancer

© Pioneer Bioscience Publishing Company. All rights reserved. J Gastrointest Oncol 2013;4(3):308-318www.thejgo.org

T
ab

le
 1

 S
um

m
ar

y 
of

 E
G

FR
 in

hi
bi

to
rs

 in
 co

lo
re

ct
al

 ca
nc

er

Tr
ia

l
D

ru
g

n
P

ha
se

po
pu

la
tio

n
K

R
A

S
%

Li
ne

  

of
 R

x

C
lin

ic
al

  

D
es

ig
n

O
S

P
- 

va
lu

e
R

R
P

- 

va
lu

e

Ti
m

e 
to

  

pr
og

re
ss

io
n

P
- 

va
lu

e
P

FS
P

- 

va
lu

e

EV
ER

ES
T 

(1
7)

C
TX

89
I

Iri
 fa

ilu
re

 W
T

61
2n

d
C

TX
/Ir

i
 

 
36

.2
 

 
 

 
 

 
 

 
 

 m
ut

an
t

39
 

C
TX

/Ir
i

 
 

0
 

 
 

 
 

Ta
be

rn
er

o 
et

 a
l.  

(1
8)

C
TX

48
I

 
 W

T
59

2n
d

C
TX

 
 

28
 

 
 

 
 

 
 

 
 

 m
ut

an
t

41
 

C
TX

 
 

0
 

 
 

 
 

D
i F

io
re

 e
t a

l. 
 

(1
9)

C
TX

59
I

ch
em

o 
re

fra
ct

or
y

 W
T

63
2n

d
C

TX
 +

 c
he

m
o

 
12

 
5.

5
 0

.0
15

 
 

 
 

 
 

 m
ut

an
t

37
 

C
TX

 +
 c

he
m

o
 

0 
 3

 
 

 

Li
ev

re
 e

t a
l. 

 

(2
0)

 

C
TX

89
II

Iri
 fa

ilu
re

 W
T

63
2n

d
C

TX
14

.3
0.

02
6

44
<0

.0
01

 
 

4.
5

0.
00

01

 
 

 
 

 m
ut

an
t

27
 

C
TX

10
.1

 
0

 
 

 
2.

5
 

D
e 

R
oo

ck
 e

t a
l.  

(2
1,

22
) 

C
TX

 
11

3
II

Iri
 fa

ilu
re

 W
T

58
.4

2n
d

C
TX

 +
 c

he
m

o
6.

1
0.

02
41

 
 

 
 

 

 
 

 
 

 m
ut

an
t

41
.6

 
C

TX
 +

 c
he

m
o

3.
9

 
0

 
 

 
 

 

Te
jp

ar
 e

t a
l. 

 

(1
8)

 

C
TX

89
I

Iri
 fa

ilu
re

 W
T

61
2n

d
C

TX
 +

 Ir
i

 
 

36
.2

 
 

 
 

 

 
 

 
 

 m
ut

an
t

39
 

C
TX

 +
 Ir

i
 

 
0

 
 

 
 

 

D
i F

io
re

 e
t a

l. 
 

(1
9)

 

C
TX

59
I

ch
em

o 
re

fra
ct

or
y

 W
T

63
2n

d
C

TX
 +

 c
he

m
o

 
12

 
5.

5
0.

01
5 

 
 

 
 

 
 

 m
ut

an
t

37
 

C
TX

 +
 c

he
m

o
 

0
 

3
 

 
 

 

S
A

K
K

 (1
1)

C
TX

74
II

N
aï

ve
 

 
1s

t
C

A
P

O
X

16
.5

 
14

 
 

 
5.

8
 

 
 

 
 

 
 

 
C

A
P

O
X/

C
TX

20
.5

 
41

 
 

 
7.

2
 

O
P

U
S

 (2
3)

C
TX

33
7

II
N

aï
ve

 
 

1s
t

FO
LF

O
X

 
 

36
0.

06
4

 
 

7.
2

 

 
 

 
 

 
 

 
FO

LF
O

X/
C

TX
 

46
 

 
  7

.2
 

 
 

 
 

 W
T

57
 

FO
LF

O
X

 
 

37
0.

01
1

 
 

7.
2

0.
01

63

 
 

 
 

 
 

 
FO

LF
O

X/
C

TX
 

61
 

 
  7

.7
 

 
 

 
 

 m
ut

an
t

43
 

FO
LF

O
X

 
 

49
0.

10
6

 
 

8.
6

0.
01

92

 
 

 
 

 
 

 
FO

LF
O

X/
C

TX
 

61
 

 
  5

.5
 

B
O

N
D

 (2
4)

C
TX

32
9

III
Iri

 re
fra

ct
or

y
 

 
2n

d 
C

TX
/IR

I
6.

9
0.

48
10

.8
0%

0.
00

7
1.

5
 <

0.
00

1
 

 

 
 

 
 

 
 

 
C

TX
/IR

I
8.

6
 

22
.9

0%
 

4.
1

 
 

 

C
R

Y
S

TA
L 

(2
5)

C
TX

59
9

III
N

aï
ve

 
 

1s
t 

FO
LF

IR
I

18
.6

0.
31

38
.7

0.
00

4
 

 
8

0.
04

8

 
 

 
 

 
 

 
FO

LF
IR

I/C
TX

19
.9

 
46

.9
 

 
 

8.
9

 

 
 

 
 

 W
T

63
 

FO
LF

IR
I

21
 

43
.2

O
R

-1
.9

1
 

 
 

 

 
 

 
 

 
 

 
FO

LF
IR

I/C
TX

24
.9

 
59

.3
 

 
 

 
 

 
 

 
 

m
ut

an
t

37
 

FO
LF

IR
I

17
.5

 
40

.2
0%

O
R

-0
.8

 
 

 
 

 
 

 
 

 
 

 
FO

LF
IR

I/C
TX

17
.7

 
36

.2
0%

 
 

 
 

 

T
ab

le
 1

 (c
on

tin
ue

d)



311Journal of Gastrointestinal Oncology, Vol 4, No 3 Sep 2013

© Pioneer Bioscience Publishing Company. All rights reserved. J Gastrointest Oncol 2013;4(3):308-318www.thejgo.org

T
ab

le
 1

 (c
on

tin
ue

d)

Tr
ia

l
D

ru
g

n
P

ha
se

po
pu

la
tio

n
K

R
A

S
%

Li
ne

 o
f R

x
C

lin
ic

al
  

D
es

ig
n

O
S

P
-v

al
ue

R
R

P
- 

va
lu

e

Ti
m

e 
to

  

pr
og

re
ss

io
n

P
- 

va
lu

e
P

FS
P

- 

va
lu

e

EP
IC

 (9
) 

C
TX

1,
29

8
III

5F
U

/O
xa

li
 

 
2n

d
IR

I
10

0.
71

4.
2

<0
.0

00
1

 
 

2.
6

<0
.0

00
1

 
 

 
 

 
 

 
IR

I/C
TX

10
.7

(4
7%

 c
ro

ss
ov

er
)

16
.4

 
 

 
4

 

N
IC

I (
5)

 

C
TX

57
2

III
5F

U
/Ir

i/O
xa

li
 

 
2n

d/
3r

d
B

S
C

4.
6

0.
00

5
0

<0
.0

01
 

 
 

<0
.0

01

 
 

 
 

 
 

 
C

TX
/B

S
C

6.
1

 
8

 
 

 
 

 

 
 

 
 

 W
T

58
 

B
S

C
4.

8
<0

.0
01

0
 

 
 

1.
8

<0
.0

01

 
 

 
 

 
 

 
C

TX
/B

S
C

9.
5

 
12

.8
 

 
 

3.
7

 

 
 

 
 

 m
ut

an
t

42
 

B
S

C
4.

6
0.

89
0

 
 

 
 

0.
96

 
 

 
 

 
 

 
C

TX
/B

S
C

4.
5

 
1.

2
 

 
 

 
 

P
R

IM
E 

(1
2)

PA
M

1,
18

3
III

N
aï

ve
 W

T
60

 
FO

LF
O

X
19

.7
0.

07
2

 
 

 
 

8
0.

02

 
 

 
 

 
 

 
FO

LF
O

X/
PA

M
23

.9
 

 
 

 
 

9.
6

 

 
 

 
 

 m
ut

an
t

40
 

FO
LF

O
X

19
.3

0.
06

8
 

 
 

 
8.

8
0.

02

 
 

 
 

 
 

 
FO

LF
O

X/
PA

M
15

.5
 

 
 

 
 

7.
3

 

Va
n 

C
us

te
m

  

et
 a

l. 
(2

6)
 

PA
M

46
3

III
5F

U
/Ir

i/O
xa

li
 

 
2n

d/
3r

d
B

S
C

 
0.

81
0

<0
.0

00
1

 
 

1.
8

<0
.0

00
1

 
 

 
 

 
 

 
PA

M
/B

S
C

 
76

%
 c

ro
ss

ov
er

10
 

 
 

2
 

A
m

ad
o 

et
 a

l. 
 

(2
6)

PA
M

42
7

III
 

 W
T

60
Fi

rs
t

PA
M

6.
8

 
17

 
 

 
3

0.
00

01

 
 

 
 

 m
ut

an
t

40
 

 
4.

3
 

0
 

 
 

1.
8

 

 
 

 
 

 W
T

57
 

B
S

C
1.

9
 

 
 

 
 

 
 

 
 

 
 

 m
ut

an
t

43
 

 
2

 
 

 
 

 
 

 



312 Shaib et al. Resistance to anti-EGFR therapy in colorectal cancer

© Pioneer Bioscience Publishing Company. All rights reserved. J Gastrointest Oncol 2013;4(3):308-318www.thejgo.org

tumors that were KRAS WT had a significant improvement 
in PFS with a median of 8 weeks in the PAM compared to 
7.3 weeks in the BSC group. (HR, 0.54; 95% CI, 0.44 to 
0.66, P<0.0001). The objective response rates (RR) favored 
PAM over BSC, RR were 10% for PAM and 0% for BSC 
(P<0.0001). Patients with KRAS mutated tumors did not 
demonstrate any benefit on OS for PAM over BSC (HR, 
1.00; 95% CI, 0.82 to 1.22) (26). 

In the CRYSTAL trial (Cetuximab and chemotherapy 
as initial treatment for metastatic colorectal cancer) by 
Van Custem et al., 1,198 previously untreated patients 
with advanced stage CRC were randomized to receive 
CTX plus FOLFIRI or FOLFIRI alone. It was found 
that there is a significant PFS advantage to the study 
combination (FOLFIRI/CTX) over FOLFIRI alone 
(HR, 0.85; 95% CI, 0.72 to 0.99; P=0.048). There was no 
significant difference in the OS (HR, 0.93; 95% CI, 0.81 
to 1.07; P=0.31). In a subgroup analysis, patients whose 
tumors had KRAS mutation (37%), did not have any 
improvement in PFS (HR, 1.07; P=0.75) or OS (HR, 1.03) 
when CTX was added to FOLFIRI. Patients with KRAS 
WT tumors did demonstrate a statistically significant 
improvement in PFS with a median of 9.9 months 
compared to 8.4 months in the FOLFIRI alone group 
(HR, 0.68, 95% CI, 0.50 to 0.94; P=0.02), and OS (median 
of 23.5 vs. 20.0 months, HR, 0.84, P=0.0093) in favor of 
adding CTX to FOLFIRI. The RR was 57.3% vs. 39.7% 
(P=0.001) when compared to FOLFIRI alone. The 
results of this pivotal trial lead to the approval of CTX 
in the frontline setting in combination with FOLFIRI in 
patients with KRAS WT mCRC (6,25). 

Activating mutations in codon 13 of the KRAS gene 
occur in about 6% of CRC. The role of codon 13 mutations 
in development of resistance to EGFR treatment is still 
controversial. An in vitro study showed that KRAS codon  
13 mutations exhibit weaker transforming activity than 
codon 12 mutations in colon with low resistance to 
apoptosis and growth ability (28). DeRoock et al., studied 
the association between p.G13D mutation to response and 
survival in patients with chemotherapy-refractory CRC 
treated with CTX. The p.G13D-mutated tumors had 
longer OS of 7.6 months compared to 5.7 (P=0.005) and 
longer PFS (4.0 vs. 1.9 months; P=0.004). Although these 
results indicate that patients with p.G13D-mutated tumors 
respond to CTX, the results had a lower RR than patients 
with KRAS WT tumors. From the same study, in vitro and 
mouse model analysis showed that p.G12V mutated CRC 
cells were insensitive and p.G13D-mutated cells were 
sensitive, as were KRAS WT cells, to CTX (21). Peeters et 
al. evaluated the impact of KRAS codon 13 mutation status 
from three trials that evaluated PAM in advanced stage 

CRC. The results demonstrated that patient with tumors 
that harbor the KRAS codon 13 mutation do not benefit 
from PAM. Possible interpretations for the difference in 
effect of KRAS codon 13 mutation on sensitivity to EGFR 
inhibitors may include a difference between PAM and 
CTX or more likely a difference in the interaction of the 
codon 13 mutation with the chemotherapy backbone. At 
this point in the absence of prospective trials and given the 
contradictory results of the two retrospective studies, the 
role of KRAS codon 13 mutation in resistance to EGFR 
inhibition is still controversial (29). 

Mechanisms of resistance beyond KRAS

Approximately half of patients with KRAS WT tumors do 
not respond to anti-EGFR treatment, raising the question 
of factors beyond KRAS mutational status that affect 
resistance. The potential factors include increased EGFR 
ligand expression, decreased EGFR expression, or activation 
of alternate signaling pathways.

Level of expression of EGFR, epiregulin and amphiregulin 

Baker et al. analyzed biopsies from primary sites (validating 
the data from previous report of the metastatic site 
biopsy of the same group) for KRAS and EGFR ligand 
gene expression level. KRAS mutations were found in 
43% of patients. In the KRAS WT setting, sensitivity to 
EGFR inhibition was proportional to the expression of 
EGFR ligands, epiregulin and amphiregulin. High ligand 
expression identified a subgroup of KRAS WT patients 
who had a high probability of responding to anti- EGFR 
compared to KRAS WT patients with low ligand expression 
who behaved like KRAS mutant CRC patients. In addition 
patients with high levels of the EGFR ligands were more 
likely to have disease control with CTX and significantly 
longer PFS than patients with low expression for both 
epiregulin (P=0.0002) and amphiregulin (P=0.0001) (30). 
There was no evidence of a relationship between epiregulin 
and amphiregulin gene expression and PFS and OS in 
patients with KRAS mutant tumors (31). In patients with 
high levels of mRNA for the EGFR ligands epiregulin and 
amphiregulin, CTX treatment tends to have a more potent 
antitumor activity. Therefore, the low expression of ligand 
may be a mechanism of resistance to EGFR inhibitors as 
it indicates that the EGFR system may not be the main 
contributor of tumor growth or progression. 

EGFR expression 

In the initial development of EGFR inhibitors, patients 
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were selected to enroll on trials only if the tumors 
were positive for EGFR expression using immune-
histochemistry. This was based on the concept that lack of 
EGFR expression, results in resistance to EFGR inhibitors. 
In the study by Chung et al., 4 of 16 patients with no EGFR 
expression, demonstrated significant responses to CTX 
based therapy (32). Therefore, EGFR expression using 
immune-histochemistry does not seem to impact resistance 
to EGFR inhibitors. 

The role of EGFR expression in resistance to EGFR 
inhibitors was also evaluated using molecular based assays. 
In a study by Moroni et al., 31 patients with mCRC who 
had either a response or stable (30%) or progressive disease 
(70%) after CTX or PAM treatment were screened for 
EGFR gene copy number. Eight of nine patients with 
objective responses had an increased EGFR copy number. 
On the other hand, 1 of 21 non-responders had an increase 
in EGFR copy number (P<0.0001) (33). The same group 
assessed the role of EGFR copy number as a predictor of 
clinical outcome in patients treated with PAM. A mean 
EGFR gene copy number of less than 2.5/nucleus or less 
than 40% of tumor cells displaying chromosome 7 polysomy 
within the tumor, predicted a shorter PFS (P=0.039) and 
OS (P=0.015) (34). Lenz et al. also evaluated the effect 
of EGFR gene copy number on response to CTX using 
polymerase chain reaction (PCR) instead of the previously 
reported fluorescence in situ hybridization (FISH). Lack of 
association of increased gene copy number with objective 
responses and PFS but a positive correlation with OS was 
found (35). Retrospectively analyzed EGFR copy number by 
FISH from 85 samples of chemo-refractory mCRC patients 
treated with CTX, identified a positive EGFR FISH score 
that best associates with RR and longer time to disease 
progression when compared to EGFR FISH negative at 
a mean of 2.92 EGFR gene copy number (36,37). In the 
study conducted by Lievre et al., an increased EGFR gene 
copy number assessed by chromogenic in situ hybridization 
(CGH) was significantly associated with an objective tumor 
response to CTX. However, the low number of EGFR-
positive patients precluded any firm conclusion (38). The 
largest investigation conducted in this regard, detected 
increased EGFR gene copy number at a frequency of 6% 
and found no association with disease control rate (33). A 
recent meta-analysis suggests that increased EFGR gene 
copy number is associated with improved survival from anti-
EGFR treatment for mCRC patients (39). Overall, current 
data regarding the role of EGFR gene copy number as a 
mechanism of resistance to EGFR inhibition is inconsistent 
due controversial technique, uncertain level score cutoff, 
and lack of standardization. With the several methods used 
(FISH, qPCR, or CGH), it will be difficult to compare 

these studies. 

BRAF

The serine-threonine kinase BRAF is the principal effector 
of KRAS. BRAF mutation is downstream to KRAS and is 
found in less than 10% of CRC. OS differs by somatic 
mutation status regardless of treatment received: BRAF 
mutant, 8.8 months; KRAS mutant, 14.4 months and 
KRAS WT, 20.1 months (40). BRAF V600E mutation 
indicated poor prognosis in patients with KRAS WT 
disease in FOLFIRI alone and FOLFIRI/CTX groups; 
those with BRAF mutations had worse outcomes. BRAF 
V600E mutations were detected in 6% of tumor samples. 
In nearly all cases, these mutations were identified in 
KRAS WT tumors and the impact of BRAF mutation 
in relation to efficacy of anti-EGFR was examined in 
the CRYSTAL trial population. The presence of BRAF 
mutation was a poor predictor of response and survival. 
Whether this biomarker is a negative predictor in 
relation to CTX is difficult to determine since this trial 
had a relatively small number of patients with BRAF 
mutations (6). In other trials, tumor with BRAF mutation 
was a negative prognostic marker for OS in patients 
with mCRC (41,42). In the NORDIC VII population, 
patients with mutated BRAF had low RR and markedly 
shorter PFS and OS compared to WT mutations (43).  
In a retrospectively analyzed study for endpoints of RR, 
time to progression, OS, and the mutational status of KRAS 
and BRAF, 113 tumors from CTX or PAM-treated mCRC 
patients were analyzed. The BRAF V600E mutation was 
detected in 14% of patients who had KRAS WT disease. 
None of the BRAF-mutated patients responded to anti-
EGFR treatment and had significantly shorter PFS and 
OS compared to BRAF WT. The role of BRAF mutations 
in patients treated with EGFR-targeted drugs is similar to 
that of mutated KRAS (44). Furthermore, 50% of BRAF 
mutations are more frequently detected in microsatellite 
instability (MSI-high) CRC compared with microsatellite-
stable 12% (45-47). Even with BRAF inhibition by 
vemurafenib, limited response has been defined. It is 
proposed that with this inhibition, more activation of the 
EGFR will result unlike melanoma cells which express low 
levels of EGFR on the cell surface (48-52). A cell-based 
analysis of a trial adding sorafenib to an anti-EGFR agent 
showed that even BRAF-mutated CRC cells can potentially 
respond to EGFR-targeted therapy if the BRAF inhibitor, 
sorafenib, is administered concomitantly with CTX or PAM 
even when either drug alone has limited activity. These 
data indicate that in BRAF-mutated tumors, the therapeutic 
effect of CTX or PAM could be restored by an approach 
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aimed at blocking the EGFR pathway at multiple locations. 
In addition to sorafenib, other compounds targeting either 
BRAF (PLX4032) or its downstream effectors (ARRY-162, 
AZD6244, and PD0325901) are in clinical development 
and could be exploited in combination with EGFR-
targeted moAb therapy (53,54). Despite KRAS and BRAF 
WT status, there have still been a significant percentage of 
non-responders (41%) to anti-EGFR therapy questioning 
further pathways that are important in defining resistance 
to these treatments (44). 

PIK3K gene

In a study looking at chemo-refractory CRC patients 
treated with CTX and chemotherapy, for those with 
PIK3CA, exon 20 KRAS mutations had a worse outcome 
when compared to KRAS WT with a lower response rate 
and decreased median survival. PIK3CA mutations in exon 
9 had no effect on survival and prognosis (40). Similar 
findings were seen in a review of the association between 
PIK3CA mutations and clinical outcomes of mCRC patients 
who were treated with anti-EGFR monoclonal antibodies 
(moAb); these results also suggest PIK3CA exon 20 may be 
a potential biomarker for resistance to anti-EGFR moAbs 
in KRAS WT mCRC (55). PIK3CA mutations have been 
associated with resistance to the anti-EGFR therapy since 
they can coexist with KRAS mutations; however it has been 
difficult to establish a definitive one-on-one relationship. 
Hot-spot mutations in PIK3CA mutations, specifically helical 
and kinase domain mutations, may operate by different but 
synergistic mechanisms independent of KRAS (56). However 
the role of PIK3CA mutation in EGFR resistance in mCRC 
patients remains controversial. 

A study of PIK3CA in a group of 200 chemo-refractory 
mCRC patients who were treated with CTX in KRAS WT 
patients found no difference in CTX response in relation 
to PIK3CA status (57). PIK3CA mutations were detected in 
16.4%. Only PIK3CA mutations occasionally coexisted with 
other gene mutations. In univariate analysis, prognostic 
significance for survival was seen for BRAF mutations 
codon 12-only KRAS mutations, high amphiregulin mRNA 
expression only in KRAS WT CRC, and high epiregulin 
mRNA expression regardless of KRAS mutation status. 
Favorable predictive factors were: high amphiregulin 
mRNA in KRAS WT tumors, high epiregulin mRNA, and 
low Ephrin A2 receptor mRNA. CTX-treated patients with 
amphiregulin-low KRAS WT CRC fared very poorly, with 
survival similar to KRAS mutant disease. Patients with KRAS 
codon 13 or other non-codon 12 mutations had a median 
survival similar to that of patients with KRAS WT; this is in 
contrast to patients with KRAS codon 12 mutations who did 

worse than all others (58). In terms of targeting treatment 
approaches, KRAS mutations show evidence of resistance 
to P13K pathway inhibitors (59). Specifically the presence 
of the mutant KRAS predicted resistance in the presence of 
the P13K inhibitor, PX-866 (60). This may limit the utility 
of single-agent P13K pathway inhibitors which have KRAS 
and PIK3CA mutations seen in colon cancers (61). 

PTEN

Enhanced P13K signaling is often due to the activation of 
genes involved in the P13K pathway such as PIK3CA and 
AKT1, or loss of phosphatase and tensin homolog (PTEN) 
(62-64). Mutations in PTEN were seen in approximately 
18% of patients with CRC tumors who had MSI suggesting 
that defective mismatch repair of PTEN may be a possible 
target for future therapies (65,66). Additional data suggests 
that PTEN promoter hypermethylation occurred frequently 
with high versus low MSI (19.1% vs. 2.2%; P=0.002) (67). 
A combined analysis of KRAS, BRAF, and PTEN showed 
increased RR in up to 45% for chemo-refractory patients 
receiving CTX from 39% with KRAS, PTEN and BRAF 
WT tumors where PTEN mutations were all resistant to 
CTX, unlike KRAS mutation where 12.5% in this study, 
responded to CTX (68).

MAPK

The intersection of KRAS-MAPK-PI3KCA pathway 
has direct implications for tumorigenesis. The rate of 
KRAS mutation was determined by sequencing exon 2, 
which has the most commonly mutated codons- codon 
12 and 13 (69). Genetic variation in the MAPK signaling 
pathway affects colorectal cancer and may be affected by 
environmental and lifestyle factors including use of aspirin/
NSAIDs, cigarette smoking, estrogen exposure and body 
mass index (70). Combination of P13K and MAPK pathway 
inhibition by treatment with a dual PI3K/mTOR inhibitor 
(NVP-BEZ235) and a MEK inhibitor (ARRY-142886) 
led to significant tumor regression in a KRAS lung cancer  
model (59).

MEK 

Another downstream to KRAS target, is MEK. MEK 
activates extracellular signal-regulated kinases (ERK-1 
and ERK-2) which are responsible for phosphorylation of 
factors that control cell cycle activation mainly at the G 
to S cell cycle progression. Resistance to EGFR-targeted 
therapy could also be mediated through alternate means 
of extracellular signal-regulated kinase 1/2 (ERK1/2) 
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activation that bypasses EGFR either via alternative 
receptors at the plasma membrane or constitutively 
active downstream components. By generating CTX-
resistant cell lines, Yonesaka et al. first identified multiple 
clones that exhibited less effective suppression of ERK1/2 
phosphorylation in the presence of CTX. Further analysis 
of these clones revealed amplification of ERBB2 with 
corresponding increases in total and phospho-ERBB2 levels.  
Subsequent depletion of ERBB2 in the resistant clones 
restored sensitivity to CTX, confirming the importance of 
ERBB2 in the resistant phenotype. ERBB2 amplification 
is the proposed mechanism of CTX-resistant clones where 
acquired resistance was mediated by increased levels of 
heregulin, a ligand that binds ERBB3 and ERBB4. This 
leads to activation of downstream pathway targets and 
the role of this ligand is yet to be defined (71). In a recent 
molecular analysis, molecular changes to KRAS resulted in 
acquired resistance to anti-EFGR treatment. Mutant KRAS 
alleles treated with CTX were detectable ten months prior 
to radiographic evidence of disease progression. When 
combined with an EGFR inhibitor and MEK inhibitor 
early on, evidence suggests delay or reversal of drug  
resistance (72).

IGF1

The type 1 insulin-like growth factor receptor (IGF-
1R) is a member of a family of trans-membrane tyrosine 
kinases that includes the insulin receptor and the insulin 
receptor-related receptor. The IGF-1R signaling pathway 
is important in different types of cancers and includes 
transduction of the IGF signal by the MAPK and PI3K/
Akt. Preclinical data shows that combination treatment of 
IGF-1R and EGFR kinase inhibitors results in synergy of 
growth inhibition in CRC cell lines (73). Evidence suggests 
cross-talk between IGF-1R and EGFR, which might be 
crucial for the mitogenic and transforming activity of 
EGFR. More specifically, the IGF-1 downstream signaling 
cascade is thought to induce EGFR independent PIK3CA 
and AKT activity, which might be another explanation for 
the lack of efficacy of anti-EGFR monoclonal antibodies 
in KRAS WT CRC (74). This is supported by Bohula et al. 
in their experiments which proved that IGF-1 and IGF-2 
are ubiquitously produced protein hormones that interact 
with the IGF-1 receptor (IGF1R) to regulate growth, 
differentiation, and survival. The IGF1R activates both 
RAS/ERK- and PI3K/AKT-related signal transduction 
pathways, which act to promote proliferation and prevent  
apoptosis (75). A phase II study with the anti-IGF-1R  
monoclonal antibody IMC-A12, either alone or in 
combination with CTX, was performed in patients with 

CTX or PAM-refractory mCRC. No antitumor activity was 
seen in the 23 patients treated with IMC-A12 monotherapy 
and of the 21 patients treated with the combination of 
IMC-A12 and CTX, 1 patient with KRAS WT achieved a 
partial response, with disease control lasting 6.5 months. No 
additional antitumor activity was observed in patients with 
the combination treatment (76). Concomitant blockade of 
IGF-1R and MEK has been shown to effectively prevent 
the occurrence of the EGFR-IGF1R cross-talk in BRAF 
mutated CRC preclinical models (77).

Conclusions

Despite the rapid advancement in EGFR targeted therapy, 
much remains to be studied to understand the mechanism 
of resistance in CRC. Clearly, KRAS codon 12 mutation 
is a leading cause of resistance to EGFR inhibitors. In the 
KRAS WT group several contributing factors appear to 
influence resistance and these include ligand expression, 
activation of the PI3K or IGFR-1 pathways. The role 
of RAS codon 13 mutations and BRAF mutations as a 
mechanism of resistance to EGFR inhibitors is an area that 
requires further research. Identification of mechanism of 
resistance to EGFR inhibitors will improve our ability to 
select patients for personalized medicine approach as well as 
develop new combinations of therapies that can overcome 
resistance to current available treatments.
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