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Introduction
Colorectal cancer (CRC) is the third leading cause of cancer-related 
death in the United States, affecting men and women equally.1 In 2017, 
there will be an estimated 135,430 new cases, with 50,260 deaths due 
to CRC.1 Approximately 20% of patients are diagnosed with advanced 
or metastatic disease on presentation, and 50% of all CRC patients will 
develop progressive disease and metastases over time. The prognosis for 
patients with advanced disease without treatment is poor, with a median 
overall survival of 6 months. However, advances in systemic therapy with 
combination chemotherapy using a fluoropyrimidine, irinotecan, and 
oxaliplatin have improved survival rates up to 20 months.2

 The development of targeted agents aimed at blocking key path-
ways involved in CRC cell growth and invasion further improved 
survival through the latter part of the first decade of the 2000s. The 
VEGF pathway inhibitors—primarily bevacizumab, but more recently 
ziv-aflibercept and ramucirumab—increased survival rates, compared 
with chemotherapy alone.3-9 
    However, any predictive marker for selecting patients who would 

benefit most from VEGF pathway inhibitors has been elusive, and 
will not be discussed herein. 
 By contrast, other therapies, including those either targeting, or 
guided by, molecular abnormalities in the EGFR, RAS/RAF, and 
HER2 pathways, as well as immunotherapy for tumors with high levels 
of microsatellite instability, have defined predictive biomarkers, and they 
have demonstrated significant impact in well-selected patients.10-13 
 This review will focus on molecularly targeted agents in metastatic 
colorectal cancer (mCRC) that have defined predictive biomarkers.  
We will also comment on the role of “molecular profiling” in identify-
ing these subpopulations of patients who will benefit from appropriately 
targeted therapy, and the magnitude of benefit of those therapies. 

Targeting the EGFR
The EGFR is overexpressed in approximately 60% to 80% of CRCs.14 
Activation of the EGFR stimulates downstream signaling through the 
RAS, RAF, MAPK, and ERK pathways, leading to activation of several 
pathways involved in cell survival, proliferation, and the ability of cancer 
cells to metastasize.15,16,17 
 Two anti-EGFR treatments have been approved for patients with 
mCRC: cetuximab and panitumumab.14,18 Both drugs are monoclonal 
antibodies that target the EGFR, preventing receptor activation and 
thereby inhibiting the signaling via the RAS/RAF/MAPK/ERK path-
way (Figure). Both were first approved in the refractory disease setting 
with EGFR as the sole predictive biomarker of response. 
 Cetuximab was initially studied by Cunningham and colleagues.14 
In the BOND trial, 329 chemotherapy-refractory patients with CRC 
were randomized to receive cetuximab and irinotecan versus cetuximab 
alone. To be eligible, either the primary tumor or a metastatic lesion 
must have expressed EGFR by immunohistochemistry (IHC).14 The 
objective response rate (ORR) was 22.9% (95% CI, 17.5%-29.1%) in the 
cetuximab-plus-chemotherapy arm and 10.8% (95% CI, 5.7%-18.1%) in 
the cetuximab-alone arm (P = .007).14 The progression-free survival (PFS) 
improved to 4.1 months in the combination arm, compared with 1.5 
months with single-agent cetuximab.14 The overall survival (OS) rate did 
not improve when compared with cetuximab alone in EGFR-expressing 
patients who had progressed through irinotecan-based therapy.14 Of 
note, the degree of EGFR expression did not correlate with response, but 
patients with skin reactions after treatment with cetuximab had higher 
response rates than those without skin reactions.14 Grade 3 or 4 adverse 
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events (AEs) most commonly included diarrhea (21% in the combina-
tion arm vs 2% in the monotherapy arm) and neutropenia (9.4% in the 
combination arm vs 0% in the monotherapy arm).14 
 Panitumumab was shown to improve outcomes when compared with 
best supportive care (BSC) in the trial by Van Cutsem and colleagues.18 
Randomization of 463 chemotherapy-refractory patients to single-agent 
panitumumab improved ORR and PFS but not OS (hazard ratio [HR], 
1.00; 95% CI, 0.82%-1.22%; P = .81) when compared with BSC alone. 
The lack of OS benefit was thought to be due to the confounding vari-
able of the crossover design of the study.18 

The Impact of pan-RAS Testing
The above-mentioned trials, however, were done in the “pre-RAS” 
testing era.14,18,19 Posthoc analysis of these trials, as well as of several 
additional pivotal trials with cetuximab and panitumumab, have shown 
the benefit of KRAS testing, and more recently “pan-RAS” testing, on 
outcome in patients with mCRC (Table 1). 
 RAS and its subtypes, KRAS and NRAS (and likely HRAS), as well as 
the downstream signaling effector RAF, have been important markers 
in the treatment of CRC.20 When genetic mutations occur that result in 
constitutive activation of the RAS or RAF enzymes, signaling is activated 
down the RAS/RAF/MAPK/ERK pathway irrespective of inhibition 

of the EGFR, upstream of the active enzyme. 
Thus, logically, treatment with cetuximab or 
panitumumab on tumors with RAS or RAF 
gene mutations has generally demonstrated 
no benefit. This is true for other less-frequent 
RAS mutations, and may be the case for BRAF, 
but this has not been well established. KRAS 
mutations are present in approximately 40% of 
all CRC patients and can be seen in both early- 
and late-stage disease.21,22 The most common 
activating mutations occur in codon 12 and 13 
of exon 2 of the KRAS protein. Within codon 
12, the G12D and G12V mutations are the 
most common, occurring 13% and 9% of the 
time, respectively. In codon 13, G13D is the 
most frequent mutation, occurring in 8% of 
KRAS-mutated CRC. The frequencies of NRAS 
and RAF mutations are less common; they are 
seen in approximately 2% and 9% of patients, 
respectively.22 Altogether, “pan-RAS” wild-type 
(WT) tumors—those with WT KRAS, NRAS, 
likely HRAS, and RAF genes—make up only 
about 40% of CRCs, but there is a significant 
chance of benefit with anti-EGFR therapies in 
pan-RAS WT tumors.23

    A number of studies have looked at muta-
tions in the RAS pathway and their predictive 
and prognostic significance in colon cancer. 
When the initial anti-EGFR therapy trials were 

re-evaluated, taking into consideration pan-RAS status, it was clear that 
the magnitude of benefit of anti-EGFR therapy was much greater when 
restricted to patients with pan-RAS WT tumors only.
 In a study by Jonker and colleagues (the joint Canadian/Australasian 
CO.17 trial) cetuximab was compared with BSC in EGFR- 
expressing mCRC and showed improved survival (HR for death, 0.77; 
95% CI, 0.64-0.92; P = .005) in addition to improved PFS (HR, 0.68; 
95% CI, 0.57-0.80, P <.001) and ORR.19 KRAS mutational status was 
not initially evaluated, but a posthoc analysis of the trial revealed that 
tumors with KRAS exon 2 mutations treated with cetuximab had a 
worse outcome compared with those without the mutation or with WT 
KRAS status, with an OS of 9.5 months for the patients with KRAS WT 
tumors versus 4.8 months for the patients with KRAS-mutated tumors 
(HR, 0.55; 95% CI, 0.41-0.74, P <.001).23

 When KRAS mutational status was examined in the posthoc analysis 
of the Van Cutsem study of panitumumab versus BSC, PFS was signifi-
cantly greater in the WT KRAS group (12.3 weeks; HR, 0.45; 95% CI, 
0.34-0.59) compared with the mutated KRAS group (7.3 weeks; HR, 
0.99; 95% CI, 0.73-1.36).24 The nonmutated KRAS group also had an 
improved OS compared with the mutated arm.18 
Given the predictive value of identifying RAS mutations in mCRC, the 
concept of extended RAS analysis was first initiated by the PRIME and 
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PEAK studies.25 In the PRIME study, 512 patients with mCRC who were 
treated with FOLFOX4 (folinic acid, fluorouracil, oxaliplatin) with or 
without panitumumab were assessed according to RAS (KRAS or NRAS) 
or BRAF status.26 Patients who were WT for extended RAS analysis in-
cluding KRAS and NRAS exon 2, 3, 4 had a 5.8-month OS benefit with 
the addition of anti-EGFR therapy compared with chemotherapy alone 
(26.0 vs 20.2; P = .04).26 The PEAK study looked at extended RAS analy-
sis including exon 2, 3, 4 of KRAS and NRAS in patients with WT KRAS 

mCRC.27 It compared FOLFOX6 plus bevacizumab versus FOLFOX6 
plus panitumumab in 278 patients with KRAS WT exon 2 mCRC. Like 
the PRIME study, the PEAK trial showed an improved PFS and OS in 
WT RAS compared with KRAS exon 2 mutated CRC for patients treated 
with panitumumab.27 In the RAS WT patients, improved PFS rates were 
seen with panitumumab (HR, 0.65; 95% CI, 0.44-0.96; P = .029). OS 
was 41.3 months in the panitumumab arm versus 28.9 months in the 
bevacizumab arm (HR, 0.63; 95% CI, 0.39-1.02; P = .58).27 The results 

TABLE 1. BRAF and EGFR inhibition 

Cetuximab

First-line

KRAS WT/mut RR KRAS WT PFS KRAS WT OS KRAS WT

Study or author KRAS analysis N % Treatment % OR;P Months HR;P Months HR;P

OPUS70 113
120

134/99 58/42 FOLFOX+C vs FOLFOX 61
37

OR, 2.544;
P = .11

7.7
7.2

HR, 0.57;
P = .163

 NA  NA

Bokemeyer68 156 
159

179/136 57/43 FOLFOX vs FOLFOX+C 57
34

OR, 2.551;
P = .0027

8.3
7.2

HR, 0.567;
P = .0064

22.8
18.5

HR, 0.855;
P = .39

Ye75 All All KRAS 
WT

 FOLFIRI/- OX+C vs
FOLFIRI/-OX

57.1 
29.4

P <.01 10.2
5.8

HR, 0.6;
P = .004

30.9
21

HR, 0.54;
P = .13

Crystal70 277
263

348/192 64/36 FOLFIRI+C vs FOLFIRI 59.3
43.2

OR, 2.069;
P <.001

9.9
8.7

HR, 0.68;
P = .02

24.9
21

HR, 0.84;
P = .44

Van Cutsem34 533 
531

667/397 63/37 FOLFIRI vs
FOLFIRI+C

57.3
39.7

 NA 9.9
8.4

HR, 0.696;
P = .0012

23.5
20

HR, 0.796;
P = .0093

MRC COIN67 648
668

729/565 55/43 FOL-/CAPOX+C vs FOL-/CAPOX 64
57

P = .049 8.6
8.6

HR, 0.96;
P = .6

17
17.9
RAS/BRAF WT
19.9
20.1

HR, 1.04;
P = .67

HR, 1.02;
P = .86

NORDIC-VII72 155
169
174

303/195 61/39 FLOX+C
FLOX(inter)+C
FLOX

47
46
51

OR, 0.96;
P = .89

7.9
8.3
7.3

HR, 1.07;
P = .66

22
20.1
20.6

HR, 1.14;
P = .48
P = .66

New EPOC69 129
128

 NA  NA FOLFOX/CAPOX/FOLFIRI+C vs
FOLFOX/CAPOX/FOLFIRI

70
62

P = .59 14.1
20.5

HR, 1.48;
P = .03

39.1
Not reached

HR 1.49
P = .16

Beyond first-line

Karapetis23 198
196

230/164 58/42 BSC+C vs
BSC 

12.8
0

 3.7
1.9

HR, 0.40;
P <.001

9.5
4.8

HR, 0.55;
P <.001

Panitumumab

First-line

PRIME65 546
550

656/440 60/40 FOLFOX+P vs 
FOLFOX

55
48

OR, 1.35;
P = .68

9.6
8

HR, 0.80;
P = .02

23.9
19.7

HR, 0.83;
P = .72

Douillard26 RAS WT/any 
RAS mut

512/548 48/52 FOLFOX+P vs FOLFOX   10.1
7.9

HR, 0.72;
P = .004

26
20.2

HR, 0.78;
P = .43

Douillard70 590 656/440 60/40 FOLFOX+P vs FOLFOX 57
48

OR, 1.47;
P = .02

10
8.6

HR, 0.80;
P = .01

23.9
19.7

HR, 0.83;
P = .03

Second-line and beyond

Amado10 208
219

243/184 57/43 BSC+P vs 
BSC 

17
3

 3
1.8

HR, 0.45;
P <.001

8.1
7.6

HR, 0.67; both 
arms combined

Douillard66 541
542

597/486 55/45 FOLFIRI+P vs 
FOLFIRI 

35
10

P <.1 5.9
3.9

HR, 0.73; 
P = .004

14.5
12.5

HR, 0.85;
P = .12

Peeters71  NA  NA  NA FOLFIRI+P vs 
FOLFIRI

36
10

OR, 5.5;
P <.0001

6.7
4.9

HR, 0.82;
P = .023

14.5
12.5

HR, 0.92;
P = .37

PICCOLO72 230
230

460 100 IRI+P vs
IRI 

34
12

P <.0001  HR, 0.78;
P = .015

10.4
10.9

HR, 1.01;
P = .91

BSC indicates best supportive care; C, cetuximab; CAPOX, capecitabine and oxaliplatin; FLOX, bolus 5-fluorouracil with leucovorin and oxaliplatin; FOLFIRI, 5-fluoro-
uracil with leucovorin and irinotecan; FOLFOX, 5-fluorouracil with leucovorin and oxaliplatin; HR, hazard radio; IRI, irinotecan; mut, mutant; NA, not available; OR, 
odds ratio; ORR, overall response rate; OS, overall survival; P, panitumumab; PFS, progression-free survival; RR, response rate; WT, wild-type.
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of these 2 studies suggest that mutations in the RAS pathway, including 
those beyond KRAS exon 2 mutations, are predictive of a lack of response 
to anti-EGFR therapy for patients with mCRC. 
 Some data from Tejpar and colleagues suggest that patients with the 
KRAS G13D mutation may derive benefit when treated with cetux-
imab in combination with chemotherapy, compared with other KRAS 
mutations, but the effectiveness is still less than that seen in KRAS WT 
patients.28 Although this study highlights the variations in tumor biology 
seen in KRAS-mutated CRC, more clinical data are needed. 
 Interestingly, not all KRAS WT CRC responds to anti-EGFR treatment 
either, suggesting additional mutations also confer resistance.16,22 Emerging 
data indicate that the location of the primary tumor in mCRC has a 
role in predicting a response to EGFR inhibitors. Patients with left-sided 
KRAS WT tumors, located between the splenic flexure and rectum, were 
shown to have improved OS if first-line treatment included cetuximab 
compared with bevacizumab (37.5 vs 16.4 months; HR, 1.97; 95% CI, 
1.56-2.48).29 A number of additional genes are known to be somatically 
mutated and have been studied in response to anti-EGFR therapy.30 
A study by Peeters and colleagues used next-generation sequencing on 
mCRC tissue and found additional mutations in NRAS, BRAF, PIK3CA, 
PTEN, TP53, EGFR, AKT1, and CTNNB1.30 Patients with WT KRAS but 
mutated NRAS or BRAF did not respond to panitumumab; however, if 
patients were WT for KRAS, NRAS, and BRAF, the ORR was 18%.30 
 Fifteen years of clinical trials of anti-EGFR therapies, and more recent 
incorporation of RAS/RAF testing, have demonstrated that patients with 
pan-RAS WT tumors derive significant benefit from anti-EGFR therapy, 
while patients with RAS/RAF-mutated tumors derive little to no benefit. 
In fact, some studies have shown a detrimental effect and decreased OS 
(rather than just a lack of benefit) in patients with KRAS-mutated CRC 
who are treated with an EGFR inhibitor.10,12 Therefore, pan-RAS testing to 
evaluate mutations in KRAS, NRAS, and BRAF is an accepted standard-
of-care practice in patients with mCRC. With 60% of tumors being RAS/
RAF-mutated, the challenge in the coming years will be to identify novel 
therapies that target RAS/RAF-mutated tumors specifically. 

BRAF Mutations 
BRAF is a subset of the RAS family of oncogenes, which is mutated in 
approximately 10% of CRC cases31,32 and has been associated with  
decreased survival.10,33 The most common BRAF mutation is located in 
exon 15, resulting in a substitution from valine to glutamic acid at posi-
tion 600 within the BRAF kinase domain (V600E). This leads to constitu-

tive activation of the MAPK signaling pathway. Standard chemotherapy in 
combination with EGFR inhibitors in patients with mCRC who harbor 
the BRAF V600E mutation is less effective than in those with BRAF WT 
tumors.34 In patients with KRAS WT/BRAF-mutated tumors who were 
treated with FOLFIRI (5-fluorouracil with leucovorin and irinotecan) plus 
cetuximab, there was no statistically significant improvement in OS with 
the addition of anti-EGFR therapy.34 The lack of response is also seen 
with anti-EGFR inhibitors that are given without concurrent BRAF inhi-
bition.35 In a retrospective analysis, patients with mCRC whose tumors 
were BRAF V600E–mutated were resistant to treatment with cetuximab 
or panitumumab, which was also confirmed in a cell-line model using 
colorectal tumor cells expressing the mutated BRAF V600E allele.35 
However, when these cells were treated with a combination of cetuximab 
and sorafenib (an approved small molecule kinase inhibitor targeting 
BRAF), there was a synergistic effect causing cell death.35 Unfortunately, 
vemurafenib, another oral BRAF V600E inhibitor, showed disappointing 
results when used as a single agent in BRAF-mutated mCRC in the re-
fractory setting.35 One patient had a confirmed partial response (PR) out 
of 21 patients who were treated.36 This is in stark contrast to the response 
rates of 60% to 80% seen in vemurafenib-treated patients with melanoma 
who harbor the identical BRAF V600E mutation.37 This resistance is 
thought to be due to inadequate suppression of the MAPK pathway by 
BRAF inhibition alone, due to an incomplete ERK suppression (located 
downstream of BRAF).37 
 There was initial optimism for combining the BRAF inhibitor 
dabrafenib with trametinib, a MEK inhibitor that targets downstream 
of BRAF and MAPK, given that this combination has been effective 
in BRAF V600E–mutated melanoma. Forty-three patients with BRAF 
V600E–mutated mCRC were treated, and 5 patients (12%) achieved a 
PR, including 1 patient with a durable complete response (CR) extending 
over 36 months.38 The median PFS was 3.5 months, compared with  
2.5 months seen with standard chemotherapy. Nine patients had biopsies 
during treatment, which revealed decreased levels of phosphorylated 
ERK, compared with pretreatment biopsies. However, there was not a 
more robust efficacy despite dual inhibition of BRAF and mitogen-activat-
ed protein kinase kinase (MEK).39 
   More recent trials combining BRAF and EGFR inhibition have 
shown promising results (Table 2). When vemurafenib was combined 
with cetuximab and irinotecan, early-phase data demonstrated a 
promising PFS of 7.7 months in previously treated patients with BRAF 
V600E–mutated, KRAS WT tumors.12 There was a recent update of 

this initial trial at the 2017 Gastrointestinal 
Cancers Symposium (GI ASCO) conference by 
Kopetz and colleagues. One hundred and six 
patients with BRAF V600E–mutated extended 
RAS WT mCRC were randomized to irinotecan 
and cetuximab with or without vemurafenib.40 
PFS in the vemurafenib arm was 4.4 months ver-
sus 2 months in the irinotecan and cetuximab–
only arm, with response rates of 16% versus 4%, 
respectively.40 Updated analysis presented at GI 

TABLE 2. BRAF and EGFR Inhibition 
Study 

(citation) Treatment ORR PFS 
(months) OS

Kopetz40 Cetuximab + irinotecan 
Cetuximab + irinotecan + vemurafenib

4% 
16%

2 
4.4

5.9 
9.6

Corcoran41 Panitumumab + dabrafenib + trametinib 18% PR 
67% SD Not reached Pending

ORR indicates overall response rate; OS, overall survival; PFS, progression-free survival; PR, partial 
response; SD, stable disease. 
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ASCO 2017 revealed a median OS of 9.6 months in the vemurafenib 
arm versus 5.9 months in the irinotecan and cetuximab–only arm 
(HR, 0.73; 95% CI, 0.45-1.17; P = .19). The lack of survival benefit is 
thought to be due to crossover. 
   Another study evaluated the efficacy of combining panitumumab with 
dabrafenib and trametinib in BRAF V600E–mutated mCRC.41 Two of 
the 120 treated patients had concomitant BRAF V600E and RAS muta-
tions at baseline. The combination of all 3 drugs achieved an 18% PR or 
better, with 67% of patients achieving stable disease. Comparatively, the 
PR/CR rate in the dabrafenib-and-panitumumab arm was 10%, but was 
0% for the trametinib-and-panitumumab arm. Stable disease was seen 
in 80% and 53%, respectively. Median PFS for the triple combination 
had not been reached at the study end date. Of 12 patients with PR/CR 
or stable disease, 58% had a detectable RAS mutation on progression of 
disease. Updated analysis is pending. 
 It is important to note that BRAF mutations in mCRC confer a poor 
prognosis independent of the predictive value and possible efficacy of the 
combination with EGFR and MEK inhibitors, as discussed above.10,33 This 
worse prognosis will need to be considered as definitive trials are developed.  

MMR-Deficient CRC and Immunotherapy
Tumors that have defects in the mismatch repair (MMR) system accumu-
late hundreds to thousands of somatic mutations in the microsatellite 
regions of DNA that are normally repaired.42,43 A defect in MMR (also 
called MMR deficient) is a surrogate for microsatellite instability (MSI), 
and MSI is further subdivided into MSI-high (MSI-H) and MSI-low 
(MSI-L). Tumors with an intact mismatch repair system (MMR proficient) 
are considered microsatellite stable (MSS). Dysregulation of the MMR 
system is caused primarily by mutations in the MLH1, MSH2, MSH6, and 
PMS2 genes (though other genes can be implicated as well).43,44 Heredi-
tary forms of MMR deficiency can occur, which is known as hereditary 
nonpolyposis colorectal cancer or Lynch syndrome.45 This disorder is 
observed in 10% to 15% of sporadic cases of colon cancer; it is most com-
monly caused by a hypermethylation mutation in the MLH1 gene.45 
 Approximately 10% to 15% of sporadic GI cancers also carry the 
MSI-H phenotype.46,47 MSI-H is present in 15% of early-stage CRC.41 
MSI-H is rare in metastatic disease, with incidence rates of about 4%, 
and the prognosis is unclear. MSI-H tumors typically lack mutations in 
TP53, KRAS, and APC, which are commonly mutated genes seen in 
MMR-proficient CRC.47,48 While MSI status is used as a prognostic mark-
er in early-stage CRC, its role as a predictive marker for chemotherapy is 
conflicting. Typically, MMR-deficient (MSI-H) tumors are less aggressive 
than MMR-proficient (MSI-L, or MSS) tumors, with a better overall prog-
nosis.47 Numerous studies have shown that patients with MSI-H tumors 
have better survival rates in early-stage disease. In a meta-analysis pooling 
32 eligible studies including 1277 MSI samples, MMR-deficient (MSI-H) 
tumors were associated with a 35% reduction in the risk of death com-
pared with those that were MMR-proficient (MSS).49 However, a study by 
Goldstein and colleagues showed that MSI-H mCRC did not have the 
improved outcome that was observed in early-stage CRC.48 Additionally, 
the BRAF V600E mutation is a poor prognostic factor that is seen in 

MSI-H mCRC.48 BRAF mutations are only seen in MSI-H sporadic CRC, 
and they can be used to differentiate between sporadic and hereditary 
forms of MSI-H CRC.48 
 Clinically, MMR-deficient (MSI-H) CRC has been shown to possess 
a highly activated lymphocyte microenvironment.43,50 MMR-deficient 
(MSI-H) tumors are also known to have an increased stromal inflamma- 
tory reaction.45 These tumors carry a higher number of cytotoxic lympho-
cytes that infiltrate the tumor architecture itself.45 These lymphocytes are 
seen in close proximity to tumor cells undergoing apoptotic death.45 The 
increased cytotoxic immune response against tumor cells is thought to 
be related to the increased mutational load in MMR-deficient (MSI-H) 
tumors, allowing for greater immunogenicity.45 The accumulation of 
irregular proteins provides a source of abnormal peptides to be presented 
to T lymphocytes.47 These cytotoxic T lymphocytes are also known to 
overexpress immune checkpoint–related proteins in the microenviron-
ment, including PD-1, PD-L1, CTLA-4, lymphocyte-activation gene 3, 
and indoleamine-pyrrole 2,3-dioxygenase.50 The amount of lymphocyte 
infiltration into the tumor is an important predictor of relapse and OS.50 
 Cancer cells have an innate ability to maintain an immunosuppressive 
microenvironment, thus escaping the immune system mechanisms that 
target foreign cells for destruction.44 PD-L1 on tumor cells binds PD-1, 
which is expressed on the cell surface of T lymphocytes, thereby inhibiting 
the activation of PD-1 and evading tumor-cell killing.44 The expression of 
PD-L1 on the surface of tumor cells is a predictive marker that is used to 
predict response to PD-1 blockade.42 

 Preclinical data suggested that continuous antigen exposure to cyto-
toxic T lymphocytes may induce an exhausted or less vigorous state of 
activity in which T-cell effectiveness and transition to memory T cells are 
impaired.47 Inhibiting the PD-1 pathway with novel agents may restore 
T-lymphocyte function, resulting in tumor-cell death by the immune 
system.13 The immune infiltration of cytotoxic lymphocytes is suggested 
to be a better predictor of survival than the current IHC methods used 
to stage colon cancer.51 
 Initial studies with PD-1 blockade in CRC were limited but promis-
ing.52 One of 33 patients treated with the humanized monoclonal immu-
noglobulin G4 (IgG4) anti–PD-1 antibody nivolumab had MSI-H mCRC. 
The patient had progressed through multiple lines of treatment and 
eventually was treated with single-agent nivolumab. The patient achieved 
a complete remission and showed no evidence of disease recurrence 3 
years out from treatment. PD-L1 expression was seen in his original tumor 
tissue with evidence of infiltrating cytotoxic T cells.13 
 Pembrolizumab is a humanized monoclonal IgG4 kappa isotype 
anti–PD-1 antibody that was tested in a phase II study in patients selected 
specifically for their MSI-H mCRC status.53 When compared with  
patients with MSS tumors, MSI-H patients had an improved ORR (40% 
vs 0%) and PFS (78% vs 11%) at 20 weeks.53 Whole-exome gene sequenc-
ing also revealed that a high somatic mutational load was associated with 
improved PFS. This included patients with inherited and sporadic forms 
of MSI-H tumors.53 
 A similar study was more recently published in abstract form by 
Overman and colleagues.54 Nivolumab was tested in patients with mCRC 
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with and without ipilimumab, a humanized anti–CTLA-4 monoclonal 
antibody.54 In patients with MSI-H tumors, initial results with nivolumab 
showed a PFS of 5.3 months and a median OS of 16.3 months. The 
combination arm had not reached either the PFS or OS endpoints. A 
pooled PFS of 1.4 months was seen in the non–MSI-H tumors.54 AEs 
included GI toxicity and fatigue.54 A recent update of the nivolumab 
monotherapy arm revealed an ORR of 31% with a 69% disease control 
rate. An updated PFS at 12 months was 48.4%. The duration of 
response and OS have not been reached. These responses are irrespective 
of PD-L1 expression or KRAS and BRAF mutation status.55 
 The identification of MMR-deficient (MSI-H) CRC defines a subset of 
tumors that have specific molecular, pathologic, and clinical features that 
have shown to improve survival,56 and this justifies routine testing for 
MMR status in all patients with mCRC. The National Comprehensive 
Cancer Network guidelines recommend that all mCRCs be evaluated 
for MSI status, and both drugs, pembrolizumab and nivolumab, are 
approved treatment options. 51,53

CRC and HER2-Targeted Treatment 
HER2 overexpression, which has a prevalence of 5% in CRC, has been 
identified as a novel potentially actionable molecular target. Previous trials 
that added HER2-targeted therapy to chemotherapy were inconclusive.56-60 
One study evaluated the combination of 5-fluorouracil, oxaliplatin, and 
trastuzumab in patients with mCRC who had progressed on treatment 
containing 5-flurouracil and/or irinotecan.59 It closed early due to 
insufficient accrual. Another study combined trastuzumab with irinotecan 
in HER2-overexpressing CRC.60 Nine patients out of 138 screened had 
tumors with HER2 overexpression. These 9 patients were enrolled into 
the study and only 7 were counted for data collection. Partial responses 
were seen in 5 of 7 patients.60 This study also closed early due to low 
accrual.60 Monotherapy with HER2-targeted treatment with a tyrosine- 
kinase inhibitor (lapatinib) or monoclonal antibody (trastuzumab) was 
also initially ineffective in early preclinical studies; however, the combina-
tion of the 2 showed sustained tumor control.57 The success of combina-
tion HER2-targeted therapy is thought to be related to the association of 
dual EGFR/HER2 inhibition by lapatinib and trastuzumab targeting the 
HER2 heterodimer.58 
 Because the combination of trastuzumab and lapatinib has been 
used as a standard treatment option in HER2-positive breast cancer,61 
Sartore-Bianchi and colleagues used trastuzumab and lapatinib in combi-
nation in patients who were KRAS exon 2 WT and HER2-positive in the 
HERACLES study. They defined HER2 positivity as either a 3+ score in 
more than 50% of cells by IHC, or 2+ and having a HER2:CEP17 (chro-
mosome enumeration probe 17) ratio >2 in more than 50% of cells by 
fluorescence in situ hybridization.55 A total of 914 patients were screened, 
with 5% being identified as KRAS WT and HER2-amplified.55 Twenty-sev-
en patients were eligible to enroll in the trial. These patients were heavily 
pretreated and had progressed through all prior standard chemotherapy 
including 5-fluorouracil, irinotecan, oxaliplatin, and anti-VEGF and an-
ti-EGFR antibodies.55 Nevertheless, in this heavily pretreated population, 
the combination of trastuzumab and lapatinib  

resulted in a 30% ORR according to Response Evaluation Criteria in  
Solid Tumors v1.1 criteria, with durable responses, and a median 
duration of 38 weeks.55 HER2 is also suggested to be an early molecular 
alteration that persists during tumor progression, as Sartore-Bianchi and 
colleagues saw that HER2 was matched between the primary tumor and 
metastatic lesions. A follow-up study (HERACLES-RESCUE) is accruing 
to evaluate ado-trastuzumab emtamsine (T-DM1) in patients who have 
progressed on trastuzumab and lapatinib.62 T-DM1 is an antibody–drug 
conjugate that binds HER2-expressing cells; the conjugate releases em-
tamsine within the cell, resulting in cytotoxicity. 
 Hurwitz and colleagues have recently presented data from the MyPath-
way study, evaluating the combination of trastuzumab with pertuzumab 
in HER2-amplified or HER2-overexpressed mCRC.63 Pertuzumab is a 
monoclonal antibody that targets the HER2 dimerization domain. Inhib-
iting dimerization blocks downstream signaling, which inhibits cell growth 
and causes apoptosis. The 34 patients enrolled in the study received 
standard doses of trastuzumab and pertuzumab until disease progression 
or unacceptable toxicity. The ORR was similar to the HERACLES trial at 
37.5%, with a median duration of response of 11.1 months. 
 Interestingly, amplification of the HER2 gene does not seem to be relat-
ed to mutations in KRAS, NRAS, or BRAF, but it has been shown to con-
fer some resistance to anti-EGFR therapy.57,58 Two recent studies showed 
that HER2 amplification allows for downstream signaling activation, even 
when EGFR inhibition has resulted in drug resistance.56,57 HER2 can 
therefore be considered a negative biomarker of anti-EGFR resistance but 
a positive marker of anti-HER2 targeted agents.58

Conclusion: The Need for Broad Molecular Testing in All Patients 
With mCRC
Molecular profiling is an important tool in selecting the right patient for 
specific targeted agents. Pan-RAS testing that evaluates for KRAS, NRAS, 
and BRAF mutations is important to determine which patients are likely to 
derive benefit from EGFR inhibitors like cetuximab or panitumumab, and 
this testing is nationally recognized for mCRC prior to initiation of thera-
py. Only patients with WT RAS mCRC have seen significant improvement 
in PFS and OS, while treating mutated-RAS CRC has resulted in clear 
detrimental effects. Of those 7% to 10% of patients with mCRC who 
are BRAF V600E–mutated, initial results of combining BRAF and MEK 
inhibitors look promising. The addition of anti-EGFR therapy to overcome 
feedback activation of the RAS pathway is also being investigated in clinical 
trials. Similar improvements in efficacy are seen in patients with MMR de-
ficiency who are treated with immunotherapy, as well as those with HER2 
positivity who are treated with targeted anti-HER2 agents.
  More recent efforts have been made to classify CRC genetically into 
different subgroups.64 However, while these subgroups have important 
prognostic implications, distinct connections have not been made between 
these subgroups and molecular predictive markers and targeted therapies. 
 Taken together, a large percentage of CRCs harbor specific molecular 
characteristics that define response (or lack of response) to therapy, and 
thus broad molecular testing has the potential to benefit the vast majority 
of patients with mCRC. The optimal sequencing of testing has yet to be 
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defined, but future studies should incorporate broad molecular testing to 
identify additional patient subgroups, and to understand the optimal time 
for testing patients.
Author affiliations: Division of Hematology and Oncology, Lombardi 
Comprehensive Cancer Center, Georgetown University, 3800 Reservoir 
Road, NW, Washington, DC 20007.
Disclosures: John L. Marshall, MD, discloses being a board member of 
Caris Life Sciences, and he has received consultancies and has participated 
in paid advisory boards for Genentech, Amgen, Bayer, Celgene, and Taiho. 
Address correspondence to: Michael Pishvaian, MD, PhD, Lombardi 
Comprehensive Cancer Center, Georgetown University, 3800 Reservoir 
Road, NW, Washington, DC 20007. E-mail: pishvaim@georgetown.edu.

References
1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA  
Cancer J Clin. 2015;65(1):5-29. doi: 10.3322/caac.21254. 
2. Yan Y, Grothey A. Molecular profiling in the treatment of colorectal 
cancer: focus on regorafenib. Onco Targets Ther. 2015;8:2949-2957. doi: 
10.2147/OTT.S79145. 
3. Hurwitz H, Fehrenbacher L, Novotny W, et al. Bevacizumab plus irino-
tecan, fluorouracil, and leucovorin for metastatic colorectal cancer. N Engl 
J Med. 2004;350(23):2335-2342.
4. Emmanouilides C, Sfakiotaki G, Androulakis N, et al. Front-line beva-
cizumab in combination with oxaliplatin, leucovorin, and 5-fluorouracil 
(FOLFOX) in patients with metastatic colorectal cancer : a multicenter 
phase II study. BMC Cancer. 2007;7:91.
5. Cremolini C, Loupakis F, Antoniotti C, et al. FOLFOXIRI plus bevaci-
zumab versus FOLFIRI plus bevacizumab as first-line treatment of patients 
with metastatic colorectal cancer: updated overall survival and molecular 
subgroup analyses of the open-label, phase 3 TRIBE study. Lancet Oncol. 
2015;16(13):1306-1315. doi: 10.1016/S1470-2045(15)00122-9.
6. Giantonio BJ, Catalano PJ, Meropol NJ, et al; Eastern Cooperative 
Oncology Group Study E3200. Bevacizumab in combination with 
oxaliplatin, fluorouracil, and leucovorin (FOLFOX4) for previously 
treated metastatic colorectal cancer: results from the Eastern Cooperative 
Oncology Group Study E3200. J Clin Oncol. 2007;25(12):1539-1544. 
7. Bennouna J, Sastre J, Arnold D, et al; ML18147 Study Investigators. 
Continuation of bevacizumab after first progression in metastatic 
colorectal cancer (ML18147): a randomized phase 3 trial. Lancet Oncol. 
2013;14(1):29-37. doi: 10.1016/S1470-2045(12)70477-1.
8. Van Cutsem, Tabernero J, Lakomy R, et al. Addition of aflibercept to 
fluorouracil, leucovorin, and irinotecan improves survival in a phase III ran-
domized trial in patients with metastatic colorectal cancer previously treated 
with an oxaliplatin-based regimen. J Clin Oncol. 2012;30(28):3499-3506. 
9.  Tabernero J, Yoshino T, Cohn AL, et al; RAISE Study Investigators. 
Ramucirumab versus placebo in combination with second-line FOLFIRI 
in patients with metastatic colorectal carcinoma that progressed during or 
after first-line therapy with bevacizumab, oxaliplatin, and a fluoropyrim-
idine (RAISE): a randomized, double-blind, multicentre, phase 3 study. 
Lancet Oncol. 2015;16(5):499-508. doi: 10.1016/S1470-2045(15)70127-0.
10. Amado RG, Wolf M, Peeters M, et al. Wild-type KRAS is required for 

panitumumab efficacy in patients with metastatic colorectal cancer. J Clin 
Oncol. 2008;26(10):1626-1634. doi: 10.1200/JCO.2007.14.7116.
11. Price TJ, Peeters M, Kim TW, et al. Panitumumab versus cetuximab in 
patients with chemotherapy-refractory wild-type KRAS exon 2 metastatic 
colorectal cancer (ASPECCT): a randomised, multicentre, open-label, 
non-inferiority phase 3 study. Lancet Oncol. 2014;15(6):569-579. doi: 
10.1016/S1470-2045(14)70118-4.
12. Bokemeyer C, Bondarenko I, Makhson A, et al. Fluorouracil, leucovo-
rin, and oxaliplatin with and without cetuximab in the first-line treatment 
of metastatic colorectal cancer. J Clin Oncol. 2009;27(5):663-671. doi: 
10.1200/JCO.2008.20.8397.
13. Boland CR, Goel A. Microsatellite instability in colorectal cancer. Gas-
troenterology. 2010;138(6):2073-2087.e3. doi: 10.1053/j.gastro.2009.12.064. 
14. Cunningham D, Humblet Y, Siena S, et al. Cetuximab monotherapy 
and cetuximab plus irinotecan in irinotecan-refractory metastatic colorec-
tal cancer. N Engl J Med. 2004;351(4):337-345. 
15. Janakiraman M, Vakiani E, Zeng Z, et al. Genomic and biological 
characterization of exon 4 KRAS mutations in human cancer. Cancer Res. 
2010;70(14):5901-5911. doi: 10.1158/0008-5472.CAN-10-0192.
16. Fang JY, Richardson BC. The MAPK signalling pathways and colorec-
tal cancer. Lancet Oncol. 2005;6(5):322-327.
17. Gong J, Cho M, Fakih M. RAS and BRAF in metastatic colorectal 
cancer management. J Gastrointest Oncol. 2016;7(5):687-704.
18. Van Cutsem E, Peeters M, Siena S, et al. Open-label phase III trial of 
panitumumab plus best supportive care compared with best supportive 
care alone in patients with chemotherapy-refractory metastatic colorectal 
cancer. J Clin Oncol. 2007;25(13):1658-1664.
19. Jonker DJ, O’Callaghan CJ, Karapetis CS, et al. Cetuximab for the 
treatment of colorectal cancer. N Engl J Med. 2007;357(20):2040-2048. 
20. Karnoub AE, Weinberg RA. Ras oncogenes: split personalities. Nat 
Rev Mol Cell Biol. 2008;9(7):517-531. doi: 10.1038/nrm2438.
21. Fernández-Medarde A, Santos E. Ras in cancer and developmental dis-
eases. Genes Cancer. 2011;2(3):344-358. doi: 10.1177/1947601911411084.
22. Vaughn CP, Zobell SD, Furtado LV, et al. Frequency of KRAS, BRAF, 
and NRAS mutations in colorectal cancer. Genes Chromosomes Cancer. 
2011;50(5):307-312. doi: 10.1002/gcc.20854.
23. Karapetis CS, Khambata-Ford S, Jonker DJ, et al. K-ras mutations 
and benefit from cetuximab in advanced colorectal cancer. N Engl J Med. 
2008;359(17):1757-1765. doi: 10.1056/NEJMoa0804385. 
24. Kim TW, Elme A, Kusic Z, et al. An open label, randomized phase 
III trial evaluating the treatment (tx) effects of panitumumab (pmab) + 
best supportive care (BSC) versus BSC in chemorefractory wild-type (WT) 
KRAS exon 2 metastatic colorectal cancer (mCRC) and in WT RAS 
mCRC. J Clin Oncol. 2016;34(4 suppl; abstr 642).
25. Al-Shamsi HO, Alhazzani W, Wolff RA. Extended RAS testing in 
metastatic colorectal cancer – refining the predictive molecular biomark-
ers. J Gastrointest Oncol. 2015;6(3):314-321. doi: 10.3978/j.issn.2078-
6891.2015.016.
26. Douillard JY, Oliner KS, Siena S, et al. Panitumumab-FOLFOX4 
treatment and RAS mutations in colorectal cancer. N Engl J Med. 
2013;369(11):1023-1034. doi: 10.1056/NEJMoa1305275.



TARGETED THERAPY AND THE USE OF MOLECULAR PROFILING IN METASTATIC COLORECTAL CANCER 

VOL. 13, NO. 9 THE AMERICAN JOURNAL OF HEMATOLOGY/ONCOLOGY® 11

27. Schwartzberg LS, Rivera F, Karthaus M, et al. PEAK: a randomized, 
multicenter phase II study of panitumumab plus modified fluorouracil, 
leucovorin, and oxaliplatin (mFOLFOX6) or bevacizumab plus mFOLF-
OX6 in patients with previously untreated, unresectable, wild-type KRAS 
exon 2 metastatic colorectal cancer. J Clin Oncol. 2014;32(21):2240-2247. 
doi: 10.1200/JCO.2013.53.2473.
28. Tejpar S, Celik I, Schlichting M, et al. Association of KRAS G13D tu-
mor mutations with outcome in patients with metastatic colorectal cancer 
treated with first-line chemotherapy with or without cetuximab.  
J Clin Oncol. 2012;30(29):3570-3577. doi: 10.1200/JCO.2012.42.2592.
29. Venook AP, Niedzwiecki D, Lenz FJ, et al. CALGB/SWOG 80405: 
phase III trial of irinotecan/5-FU/leucovorin (FOLFIRI) or oxaliplat-
in/5-FU/leucovorin (mFOLFOX6) with bevacizumab (BV) or cetuximab 
(CET) for patients (pts) with KRAS wild-type (wt) untreated metastatic ad-
enocarcinoma of the colon or rectum (MCRC). J Clin Oncol. 2014;32(15 
suppl; abstr LBA3).
30. Peeters M, Oliner KS, Parker A, et al. Massively parallel tumor 
multigene sequencing to evaluate response to panitumumab in a ran-
domized phase III study of metastatic colorectal cancer. Clin Cancer Res. 
2013;19(7):1902-1912. doi: 10.1158/1078-0432.CCR-12-1913.
31. Hong DS, Morris VK, El Osta B, et al. Phase IB study of vemu-
rafenib in combination with irinotecan and cetuximab in patients with 
metastatic colorectal cancer with BRAFV600E mutation. Cancer Discov. 
2016;6(12):1352-1365.
32. Tie J, Gibbs P, Lipton L, et al. Optimizing targeted therapeutic 
development: analysis of a colorectal cancer population with the 
BRAF(V600E) mutation. Int J Cancer. 2011;128(9):2075-2084.  
doi: 10.1002/ijc.25555.
33. Lièvre A, Bachet JB, Le Corre D, et al. KRAS mutation status is 
predictive of response to cetuximab therapy in colorectal cancer. Cancer 
Res. 2006;66(8):3992-3995.
34. Van Cutsem, Köhne CH, Láng I, et al. Cetuximab plus irinotectan, 
fluorouracil, and leucovorin as first-line treatment for metastatic colorectal 
cancer: updated analysis of overall survival according to tumor KRAS and 
BRAF mutation status. J Clin Oncol. 2011;29(15):2011-2019. doi: 10.1200/
JCO.2010.33.5091.
35. Di Nicolantonio F, Martini M, Molinari F, et al. Wild-type BRAF 
is required for response to panitumumab or cetuximab in metastatic 
colorectal cancer. J Clin Oncol. 2008;26(35):5705-5712. doi: 10.1200/
JCO.2008.18.0786.
36. Kopetz S, Desai J, Chan E, et al. Phase II pilot study of vemurafenib 
in patients with metastatic BRAF-mutated colorectal cancer. J Clin Oncol. 
2015;33(34):4032-4038. doi: 10.1200/JCO.2015.63.2497.
37. Corcoran RB, Ebi H, Turke AB, et al. EGFR-mediated re-activation of 
MAPK signaling contributes to insensitivity of BRAF mutant colorectal 
cancers to RAF inhibition with vemurafenib. Cancer Discov. 2012;2(3):227-
235. doi: 10.1158/2159-8290.CD-11-0341.
38. Corcoran RB, Atreya CE, Falchook GS, et al. Combined BRAF and 
MEK inhibition with dabrafenib and trametinib in BRAF V600-mutant 
colorectal cancer. J Clin Oncol. 2015;33(34):4023-4031. doi: 10.1200/
JCO.2015.63.2471.

39. Prahallad A, Sun C, Huang S, et al. Unresponsiveness of colon cancer 
to BRAF(V600E) inhibition through feedback activation of EGFR. 
Nature. 2012;483(7387):100-103. doi: 10.1038/nature10868.
40. Kopetz S, McDonough SL, Lenz H-J, et al. Randomized trial of irinotec-
an and cetuximab with or without vemurafenib in BRAF-mutant metastatic 
colorectal cancer (SWOG 1406). J Clin Oncol. 2017;35(suppl 4S;abstr 3505) 
41. Corcoran RB, André T, Yoshino T, et al. Efficacy and circulating tu-
mor DNA (ctDNA) analysis of the BRAF inhibitor dabrafenib (D), MEK 
inhibitor trametinib (T), and anti-EGFR antibody panitumumab (P) in 
patients (pts) with BRAF V600E–mutated (BRAFm) metastatic colorectal 
cancer (mCRC). Ann Oncol. 2016;27(Supplement 6):vi149-vi206. https://
doi.org/10.1093/annonc/mdw370.04.
42. Herbst RS, Soria JC, Kowanetz M, et al. Predictive correlates of 
response to the anti–PD-L1 antibody MPDL3280A in cancer patients. 
Nature. 2014;515(7528):563-567. doi: 10.1038/nature14011. 
43. Goldstein J, Tran B, Ensor J, et al. Multicenter restrospective analysis of 
metastatic colorectal cancer (CRC) with high-level microsatellite instability 
(MSI-H). Ann Oncol. 2014;25(5):1032-1038. doi: 10.1093/annonc/mdu100. 
44. Koopman M, Kortman GA, Mekenkamp L, et al. Deficient mismatch 
repair system in patients with sporadic advanced colorectal cancer.  
Br J Cancer. 2009;100(2):266-273. doi: 10.1038/sj.bjc.6604867. 
45. Alexander J, Watanabe T, Wu TT, et al. Histopathological iden-
tification of colon cancer with microsatellite instability. Am J Pathol. 
2001;158(2):527-535. 
46. Smyrk TC, Watson P, Kaul K, Lynch HT. Tumor-infiltrating lympho-
cytes are a marker for microsatellite instability in colorectal carcinoma. 
Cancer. 2001;91(12):2417-2422.
47. Llosa NJ, Cruise M, Tam A, et al. The vigorous immune microenvi-
ronment of microsatellite instable colon cancer is balanced by multiple 
counter-inhibitor checkpoints. Cancer Discov. 2015;5(1):43-51.  
doi: 10.1158/2159-8290.CD-14-0863. 
48. Dolcetti R, Viel A, Doglioni C, et al. High prevalence of activated 
intraepithelial cytotoxic T lymphocytes and increased neoplastic cell apop-
tosis in colorectal carcinomas with microsatellite instability. Am J Pathol. 
1999;154(6):1805-1813. 
49. Overman MJ, Lonardi S, Leone F, et al. Nivolumab in patients with 
DNA mismatch repair deficient/microsatellite instability high metastatic 
colorectal cancer: update from CheckMate 142. J Clin Oncol. 2017; 
35(suppl 4; abstr 519). 
50. Gajewski TF, Schreiber H, Fu YX. Innate and adaptive immune cells 
in the tumor microenvironment. Nat Immunol. 2013;14(10):1014-1022. 
doi: 10.1038/ni.2703. 
51. Overman MJ, Kopetz S, McDermott RS, et al. Nivolumab ± ipilim-
umab in treatment (tx) of patients (pts) with metastatic colorectal cancer 
(mCRC) with and without high microsatellite instability (MSI-H): Check-
Mate-142 interim results. J Clin Oncol. 2016;34(suppl 15; abstr 3501).
52. Lipson EJ, Sharfman WH, Drake CG, et al. Durable cancer regres-
sion off-treatment and effective reinduction therapy with an anti-PD-1 
antibody. Clin Cancer Res. 2013;19(2):462-468. doi: 10.1158/1078-0432.
CCR-12-2625.
53. Le DT, Uram JN, Wang H, et al. PD-1 blockade in tumors with  



· COLORECTAL CANCER  ·

12 WWW.AJHO.COM   

mismatch-repair deficiency. N Engl J Med. 2015;372(26):2509-2520.  
doi: 10.1056/NEJMoa1500596. 
54. Popat S, Hubner R, Houlston RS. Systematic review of microsatellite 
instability and colorectal cancer prognosis. J Clin Oncol. 2005;23(3):609-618.
55. Sartore-Bianchi A, Trusolino L, Martino C, et al. Dual-targeted 
therapy with trastuzumab and lapatinib in treatment-refractory, KRAS 
codon 12/13 wild-type, HER2-positive metastatic colorectal cancer (HER-
ACLES): a proof-of-concept, multicentre, open-label, phase 2 trial. Lancet 
Oncol. 2016;17(6):738-746. doi: 10.1016/S1470-2045(16)00150-9. 
56. Young J, Simms LA, Biden KG, et al. Features of colorectal cancers with 
high-level microsatellite instability occurring in familial and sporadic settings: 
parallel pathways of tumorigenesis. Am J Pathol. 2001;159(6):2107-2116. 
57. Bertotti A, Migliardi G, Galimi F, et al. A molecularly annotated plat-
form of patient-derived xenografts (“xenopatients”) identifies HER2 as an 
effective therapeutic target in cetuximab-resistant colorectal cancer. Cancer 
Discov. 2011;1(6):508-523. doi: 10.1158/2159-8290.CD-11-0109.
58. Martin V, Landi L, Molinari F, et al. HER2 gene copy number status 
may influence clinical efficacy to anti-EGFR monoclonal antibodies in 
metastatic colorectal cancer patients. Br J Cancer. 2013;108(3):668-675. 
doi: 10.1038/bjc.2013.4. 
59. Ramanathan RK, Hwang JJ, Zamboni WC, et al. Low overexpression 
of HER-2/neu in advanced colorectal cancer limits the usefulness of 
trastuzumab (Herceptin) and irinotecan as therapy. a phase II trial. Cancer 
Invest. 2004;22(6):858-865.
60. Patel MR, Bauer TM, Liu SV, et al. STARTRK-1: Phase 1/2a study of 
entrectinib, an oral Pan-Trk, ROS1, and ALK inhibitor, in patients with 
advanced solid tumors with relevant molecular alterations. J Clin Oncol. 
2015;33(suppl15; abstr 2596).
61. Clark JW, Niedzwiecki D, Hollis D, Mayer R. Phase II trial of 5-fluro-
uracil (5-FU), leucovorin (LV), oxaliplatin (Ox), and trastuzumab (T) 
for patients with metastatic colorectal cancer (CRC) refractory to initial 
therapy. Proc Am Soc Clin Oncol. 2003;21(abstr 3584). 
62. Siena S, Bardelli A, Sartore-Bianchi A, et al. HER2 amplification 
as a ‘molecular bait’ for trastuzumab-emtansine (T-DM1) precision 
chemotherapy to overcome anti-HER2 resistance in HER2 positive 
metastatic colorectal cancer: the HERACLES-RESCUE trial. J Clin Oncol. 
2016;34(suppl 4; abstr TPS774).
63. Hurwitz H, Raghav KPS, Burris HA, et al. Pertuzumab + trastuzumab 
for HER2- amplified/overexpressed metastatic colorectal cancer (mCRC): 
interim data from MyPathway. J Clin Oncol. 2017;35(suppl 4; abstr 676).

64. Guinney J, Dienstmann R, Wang X, et al. The consensus molecular 
subtypes of colorectal cancer. Nat Med. 2015;21(11):1350-1356. doi: 
10.1038/nm.3967.
65. Maughan TS, Adams RA, Smith CG, et al; MRC COIN Trial Investi-
gators. Addition of cetuximab to oxaliplatin-based first-line combination 
chemotherapy for treatment of advanced colorectal cancer : results of the 
randomized phase 3 MRC COIN trial. Lancet. 2011;377(9783):2103-2114. 
doi: 10.1016/S0140-6736(11)60613-2. 
66. Douillard JY, Siena S, Cassidy J, et al. Randomized, phase III 
trial of panitumumab with infusional fluorouracil, leucovorin, and 
oxaliplatin (FOLFOX4) versus FOLFOX4 alone as first-line treatment 
in patients with previously untreated metastatic colorectal cancer: 
the PRIME study. J Clin Oncol. 2010;28(31):4697-4705. doi: 10.1200/
JCO.2009.27.4860. 
67. Maughan TS, Adams RA, Smith CG, et al; MRC COIN Trial Investi-
gators. Addition of cetuximab to oxaliplatin-based first-line combination 
chemotherapy for treatment of advanced colorectal cancer: results of the 
randomized phase 3 MRC COIN trial. Lancet. 2011;377(9783):2103-2114. 
doi: 10.1016/S0140-6736(11)60613-2.
68. Bokemeyer C, Bondarenko I, Hartmann JT, et al. Efficacy ac-
cording to biomarker status of cetuximab plus FOLFOX-4 as first-line 
treatment for metastatic colorectal cancer: the OPUS study. Ann Oncol. 
2011;22(7):1535-1546. doi: 10.1093/annonc/mdq632.
69. Primrose J, Falk S, Finch-Jones M, et al. Systemic chemotherapy 
with or without cetuximab in patients with resectable colorectal liver 
metastasis: the New EPOC randomized controlled trial. Lancet Oncol. 
2014;15(6):601-611. doi: 10.1016/S1470-2045(14)70105-6.
70. Douillard JY, Siena S, Cassidy J, et al. Final results from PRIME: 
randomized phase III study of panitumumab with FOLFOX4 
for first-line treatment of metastatic colorectal cancer. Ann Oncol. 
2014;25(7):1346-1355. doi: 10.1093/annonc/mdu141.
71. Peeters M, Price TJ, Cervantes A, et al. Final results from a ran-
domized phase 3 study of FOLFIRI {+/-} panitumumab for second-line 
treatment of metastatic colorectal cancer. Ann Oncol. 2014;25(1):107-116. 
doi.org/10.1093/annonc/mdt523.
72. Seymour MT, Brown SR, Middleton G, et al. Panitumumab and 
irinotecan versus irinotecan alone for patients with KRAS wild-type, 
fluorouracil-resistant advanced colorectal cancer (PICCOLO): a prospec-
tively stratified randomized trial. Lancet Oncol. 2013;14(8):749-759. doi: 
10.1016/S1470-2045(13)70163-3. 


