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RECENT RETROSPECTIVE COR-
relative analyses of meta-
static colorectal cancer trials
indicate that patients with

KRAS-mutated tumors (NCBI Entrez
Gene 3845) do not benefit from the an-
ti–epidermal growth factor receptor
(EGFR) monoclonal antibodies cetux-
imab and panitumumab.1 These retro-
spective analyses were performed in-
dependently, and for each analysis,
KRAS wild-type vs mutant were stud-
ied grouping codons 12 and 13 muta-
tions together, without subgroup analy-
sis. Health authorities in the United
States and Europe have indicated that

patients with KRAS codon 12– or KRAS
codon 13–mutated tumors should not
receive cetuximab or panitumumab.2-4

However, indications exist that not all
KRAS mutations are equal in their bio-
logical characteristics. First, the pattern
of KRAS mutations is tumor-type spe-

Author Affiliations are listed at the end of this
article.
Corresponding Authors: Sabine Tejpar, MD, PhD, Di-
gestive Oncology Unit, University Hospital Gasthuis-
berg, Herestraat 49, B-3000, Leuven, Belgium (sabine
.tejpar@uzleuven.be); Alberto Bardelli, PhD, Laboratory
of Molecular Genetics, Institute for Cancer Research
and Treatment, University of Turin Medical School,
Strada Provinciale 142, Km 3.95, 10060 Candiolo,
Turin, Italy (a.bardelli@unito.it).

Context Patients with metastatic colorectal cancer who have KRAS codon 12– or
KRAS codon 13–mutated tumors are presently excluded from treatment with the anti–
epidermal growth factor receptor monoclonal antibody cetuximab.

Objective To test the hypothesis that KRAS codon 13 mutations are associated with a
betteroutcomeafter treatmentwithcetuximabthanobservedwithotherKRASmutations.

Design, Setting, and Patients We studied the association between KRAS muta-
tion status (p.G13D vs other KRAS mutations) and response and survival in a pooled
data set of 579 patients with chemotherapy-refractory colorectal cancer treated with
cetuximab between 2001 and 2008. Patients were included in the CO.17, BOND,
MABEL, EMR202600, EVEREST, BABEL, or SALVAGE clinical trials or received off-
study treatment. Univariate and multivariate analyses, adjusting for possible prognos-
tic factors and data set, were performed. The effect of the different mutations was
studied in vitro by constructing isogenic cell lines with wild-type KRAS, p.G12V, or
p.G13D mutant alleles and treating them with cetuximab.

Main Outcome Measures The main efficacy end point was overall survival. Sec-
ondary efficacy end points were response rate and progression-free survival.

Results In comparison with patients with other KRAS-mutated tumors, patients with
p.G13D-mutated tumors (n=32) treated with cetuximab had longer overall survival
(median, 7.6 [95% confidence interval {CI}, 5.7-20.5] months vs 5.7 [95% CI, 4.9-
6.8] months; adjusted hazard ratio [HR], 0.50; 95% CI, 0.31-0.81; P=.005) and longer
progression-free survival (median, 4.0 [95% CI, 1.9-6.2] months vs 1.9 [95% CI, 1.8-
2.8] months; adjusted HR, 0.51; 95% CI, 0.32-0.81; P=.004). There was a significant
interaction between KRAS mutation status (p.G13D vs other KRAS mutations) and
overall survival benefit with cetuximab treatment (adjusted HR, 0.30; 95% CI, 0.14-
0.67; P=.003). In vitro and mouse model analysis showed that although p.G12V-
mutated colorectal cells were insensitive to cetuximab, p.G13D-mutated cells were
sensitive, as were KRAS wild-type cells.

Conclusions In this analysis, use of cetuximab was associated with longer overall and
progression-free survival among patients with chemotherapy-refractory colorectal can-
cer with p.G13D-mutated tumors than with other KRAS-mutated tumors. Evaluation of
cetuximab therapy in these tumors in prospective randomized trials may be warranted.
JAMA. 2010;304(16):1812-1820 www.jama.com
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cific. Although colorectal tumors have
both codon 12 and codon 13 mutations
(79% and 17.6%, respectively), KRAS-
mutated pancreatic tumors (75%-95%)
almost invariably carry codon 12 muta-
tions, and in non–small cell lung can-
cer, more than 90% of KRAS mutations
are located in codon 12.5 Second, anec-
dotal reports indicate that a minority of
patients (�10%) with KRAS-mutated
tumors can respond to anti-EGFR
therapy6-9 and that about 15% have long-
term disease stabilization.10 In these pa-
tients’ tumors, codon 13 mutations were
overrepresented compared with the over-
all KRAS-mutated tumor population. Fi-
nally, KRAS codon 13 mutations ex-
hibitweaker invitro transformingactivity
than codon 12 mutations.11

Based on these observations, we hy-
pothesized that KRAS codon 13 muta-
tions may be associated with a better
outcome after cetuximab treatment than
observed with other KRAS mutations.
Because the glycine (G)-to-aspartate (D)
transition mutation is the most fre-
quent codon 13 mutation in colorec-
tal cancer,5 we studied the association
of this p.G13D mutation with out-
come after cetuximab treatment in a
pooled data set of 579 patients with che-
motherapy-refractory metastatic colo-
rectal cancer treated with cetuximab
with or without chemotherapy.

METHODS
Description of Data Sets

All patients included had chemotherapy-
refractory metastatic colorectal cancer.
The National Cancer Institute of Canada
Clinical Trials Group/Australasian Gas-
trointestinal Trials Group (NCIC CTG/
AGITG) data set is from the CO.17 ran-
domized phase 3 trial of cetuximab plus
best supportive care vs best supportive
care alone.12 KRAS mutation analysis was
performed by direct sequencing as de-
scribed previously.13

All centers participating in the NCIC
CTG CO.17 trial received approval from
their local research ethics body for par-
ticipation in the trial, including for col-
lection of tissue for correlative bio-
marker analyses, and all NCIC CTG/
AGITG patients provided written in-

formed consent for the original clinical
trial. The Leuven data set comprises pa-
tients from 4 clinical trials (EVEREST,
BOND, SALVAGE, and BABEL).14-16

KRAS mutation analysis was performed
by allelic discrimination assay as de-
scribed previously.10 The Italian data set
comprises patients treated at the Osped-
ale Niguarda Ca’Granda in Milan, Italy,
and the Ospedale San Giovanni in Bell-
inzona, Cantone Ticino, Switzerland. Pa-
tients were included in 3 clinical trials
(BOND, MABEL, and EMR202600)15,17,18

or were considered suitable to receive a
subsequent line of treatment off study
(after becoming refractory to the stan-
dard chemotherapy lines). KRAS muta-
tion analysis was performed by direct se-
quencing as described previously.6-8

All patients in the Leuven and Italian
datasetsprovidedwritten informedcon-
senttotheoriginalclinicaltrialandtomo-

lecular analyses. The Italian data set had
a significantly higher percentage of pa-
tients with KRAS wild-type tumors than
the other data sets (P� .001) because of
theearly introductionof KRAS testing in
Italy, leadingtoexclusionofpatientswith
KRAS-mutated tumors from treatment
withcetuximab.Adetailedbreakdownac-
counting for the number of participants
witheachKRASmutationtypeandpatient
characteristics is presented for each data
set in the eTable (available online at http:
//www.jama.com).

End Points

The main efficacy end point was overall
survival, defined as time from random-
izationintheNCICCTG/AGITGdataset,
fromstartofcetuximabintheLeuvendata
set, and from start of cetuximab or date
of randomization intheItaliandataset to
death due to any cause or to last known

Table 1. Patient Characteristics According to KRAS Mutation Statusa

Characteristics

KRAS p.G13D
Mutation
(n = 45)

Other KRAS
Mutations
(n = 265)

KRAS
Wild-Type
(n = 464)

P
Valueb

Age, median (range), y 65.0 (39.4-80.0) 62.0 (34.0-89.0) 62.0 (26.0-85.9)

�65 22 (48.9) 153 (57.7) 278 (59.9)

�65 23 (51.1) 112 (42.3) 183 (39.4) .80

Missing data 0 0 3 (0.6)

Sex
Female 18 (40.0) 109 (41.1) 157 (33.8)

.13
Male 27 (60.0) 156 (58.9) 307 (66.2)

ECOG performance score
0 10 (22.2) 54 (20.4) 114 (24.6)

1 25 (55.6) 162 (61.1) 255 (55.0)
.51

2 7 (15.6) 30 (11.3) 48 (10.3)

Missing datac 3 (6.7) 19 (7.2) 47 (10.1)

Site of primary tumor
Rectum only 10 (22.2) 55 (20.8) 111 (23.9)

Colon 35 (77.8) 210 (79.2) 352 (75.9) .61

Missing data 0 0 1 (0.2)

Prior chemotherapy regimend

Fluoropyrimidine (fluorouracil or
capecitabine)

45 (100.0) 253 (95.5) 435 (93.8) .40

Irinotecan 45 (100.0) 258 (97.4) 446 (96.1) .51

Oxaliplatin 37 (82.2) 233 (87.9) 411 (88.6) .08

All 3 37 (82.2) 231 (87.2) 402 (86.6) .20

Treatment
Cetuximab monotherapy 10 (22.2) 91 (34.3) 146 (31.5)

Cetuximab plus chemotherapy 22 (48.9) 105 (39.6) 205 (44.2) .48

No cetuximab 13 (28.9) 69 (26.0) 113 (24.4)
Abbreviation: ECOG, Eastern Cooperative Oncology Group.
aData are expressed as No. (%) of patients unless otherwise indicated.
bP values are for comparison of biomarker-positive and -negative groups by �2 test for categorical variables and by t test

for continuous variables.
cExcluded in multivariate analyses.
dA patient may have received more than 1 prior chemotherapy regimen.
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datealive. Secondaryefficacyendpoints
were response rate and progression-free
survival.Tumor responsewasevaluated
byradiologicimagingevery8weeksinthe
NCIC CTG/AGITG data set and every 6
weeks until week 24, 30, or 36 and from
thenonevery12weeksintheLeuvendata
setandfor trialpatients in theItaliandata
set.ResponseEvaluationCriteria inSolid
Tumors were used to classify tumor re-
sponse in all data sets. Progression-free
survivalwasdefinedasthetimefromran-
domization or start of cetuximab to dis-
easeprogressionordeathduetoanycause.
If a patient had not progressed or died at
the time of data cutoff, progression-free
survival was censored on the date of last
diseaseassessment (NCICCTG/AGITG
data set) or last radiologic assessment
(Leuven and Italian data sets).

Statistical Analysis

DifferencesinresponseratesbyKRASsta-
tus(p.G13Dmutant,otherKRASmutant,
orKRASwild-type)wereevaluatedpair-
wise using the Fisher exact test. Median
overallandprogression-freesurvivalwere
estimated by the Kaplan-Meier method
and compared between groups using
the log-rank test. Hazard ratios (HRs)
between groups were estimated from
Cox regression models including the
following potential prognostic factors:
age (�65 vs �65 years), sex (male vs fe-
male), performance status (Eastern Co-

operativeOncologyGroupperformance
score, 0-1 vs 2), whether all 3 chemo-
therapy drugs (fluoropyrimidine [fluo-
rouracilorcapecitabine], irinotecan,and
oxaliplatin)werepreviouslyreceived(yes
vs no), site of primary malignancy (rec-
tumonlyvscolon),dataset(NCICCTG/
AGITG vs Leuven vs Italian), and an in-
teraction term between KRAS status and
treatment group as indicated.

For the predictive analysis (associa-
tion between mutation status and out-
come after cetuximab treatment), an ad-
ditional analysis using the CO.17
database only was also undertaken. This
was performed as a sensitivity analysis
(avoiding the potential bias associated
with cross-trial comparisons) rather than
as the primary analysis because of the
smaller number of patients (n=195). All
P values were 2-sided and statistical sig-
nificance was assumed for P� .05. No
adjustments were made for multiple
comparisons. Analyses were carried out
using SAS software, version 9 (SAS In-
stitute Inc, Cary, North Carolina).

Measurement of Cetuximab
Sensitivity in Isogenic Cell Lines

Details about the generation of KRAS-
mutated isogenic cells, in vitro and in
vivo treatment with cetuximab, prolif-
eration assays, and biochemical profil-
ing of signaling pathways are provided
in the eAppendix.

RESULTS
Study Population
Baseline patient characteristics in the
3 data sets by KRAS mutation status
demonstrated no significant differ-
ences (TABLE 1). The mutation fre-
quencies (40% KRAS-mutated, of which
14.5% were p.G13D-mutated) and dis-
tribution in this pooled data set (eTable)
are similar to those reported for ran-
domized trial populations (between
36% and 43% KRAS-mutated, of which
15.7% were p.G13D-mutated).19-22 The
objective response rate in unselected pa-
tients was 10.2% in the monotherapy
group and 22.2% in the cetuximab plus
chemotherapy group. The median over-
all and progression-free survival were,
respectively, 7.2 (95% confidence in-
terval [CI], 6.2-8.3) months and 2.3
(95% CI, 1.9-2.9) months in the mono-
therapy group and 9.2 (95% CI, 8.7-
10.1) months and 4.1 (95% CI, 3.9-
4.8) months in the cetuximab plus
chemotherapy group, comparable with
outcomes from randomized trials.12,15

Association of p.G13D Mutation
With Outcome in Patients
Receiving Best Supportive Care

In patients treated with best supportive
care only in the NCIC CTG/AGITG
CO.17 trial (n=195), thosewithp.G13D-
mutated tumors (n=13) had signifi-
cantlyworseoverall survival (median,3.6
[95% CI, 2.2-4.8] months) than those
with other KRAS-mutated tumors (me-
dian, 4.7 [95% CI, 3.6-6.7] months; HR,
1.90; 95% CI, 1.03-3.51; P=.04) or wild-
type KRAS tumors (median, 5.0 [95% CI,
4.2-5.5] months; HR, 1.90; 95% CI, 1.05-
3.41; P = .03) in univariate analysis
(TABLE 2). In the multivariate analysis
adjusting for potential prognostic fac-
tors, this difference became nonsignifi-
cant for the comparison between pa-
tients with p.G13D-mutated and other
KRAS-mutated tumors (adjusted HR,
1.39; 95% CI, 0.73-2.64; P=.33) and be-
tween p.G13D-mutated and KRAS wild-
type tumors (adjusted HR, 1.82; 95% CI,
0.99-3.34; P=.053). No significant dif-
ference in progression-free survival was
seen for the 3 KRAS groups (Table 2). No
analysis was performed for response rate

Table 2. Overall and Progression-Free Survival in Untreated Patients in the CO.17 Trial Onlya

Survival

KRAS Mutation

KRAS Wild-Type
(n = 464)

KRAS p.G13D
Mutation
(n = 45)

Other KRAS
Mutation
(n = 265)

Overall survival, No. 13 69 113
Median survival (95% CI), mo 3.6 (2.2-4.8) 4.7 (3.6-6.7) 5.0 (4.2-5.5)
Univariate HR (95% CI) 1 [Reference] 1.90 (1.03-3.51) 1.90 (1.05-3.41)
Log-rank P value .04 .03
Multivariate HR (95% CI) 1 [Reference] 1.39 (0.73-2.64) 1.82 (0.99-3.34)
Cox regression P value .33 .053

Progression-free survival, No. 10 91 146
Median survival (95% CI), mo 1.7 (1.5-1.7) 1.8 (1.7-1.9) 1.9 (1.8-2.0)
Univariate HR (95% CI) 1 [Reference] 1.30 (0.71-2.37) 1.35 (0.75-2.43)
Log-rank P value .40 .32
Multivariate HR (95% CI) 1 [Reference] 1.36 (0.73-2.57) 1.31 (0.70-2.43)
Cox regression P value .34 .40

Abbreviations: CI, confidence interval; HR, hazard ratio.
aHazard ratios are expressed for comparison of KRAS p.G13D mutation vs other status.
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because no patient responded under best
supportive care.

Association of p.G13D Mutation
With Outcome in Patients
Receiving Cetuximab

Among patients who received any
cetuximab-based treatment (cetux-
imab monotherapy or cetuximab plus
chemotherapy) (n=571), overall and
progression-free survival were signifi-
cantly longer in patients with p.G13D-
mutated tumors (overall survival: n=32;
median, 7.6 [95% CI, 5.7-20.5] months;
progression-free survival, n = 32;
median, 4.0 [95% CI, 1.9-6.2] months)
than in patients with other KRAS-
mutated tumors (overall survival:
median, 5.7 [95% CI, 4.9-6.8] months;
progression-free survival: median, 1.9
[95% CI, 1.8-2.8] months) in both uni-
variate analysis (overall survival: HR,
0.52; 95% CI, 0.33-0.80; P=.003; pro-
gression-free survival: HR, 0.54; 95%
CI, 0.36-0.81; P=.02) and multivari-
ate analysis adjusting for potential prog-
nostic factors and data set (overall sur-
vival: HR, 0.50; 95% CI, 0.31-0.81;
P=.005; progression-free survival: HR,
0.51; 95% CI, 0.32-0.81; P = .004)
(TABLE 3). No significant difference in
overall or progression-free survival was
found between patients with p.G13D-
mutated and KRAS wild-type tumors in
either univariate analysis (P=.98 and
P= .97, respectively) or multivariate
analysis (P= .79 and P= .66, respec-
tively) (Table 3). Response rate was not
significantly different between patients
with p.G13D-mutated and other KRAS-
mutated tumors (2/32 [6.3%; 95% CI,
0%-14.6%] vs 3/188 [1.6%; 95% CI,
0%-3.3%], respectively; P=.15), but
patients with KRAS wild-type tumors
had a significantly higher response rate
than patients with p.G13D-mutated
tumors (91/345 [26.4%; 95% CI, 21.7%-
31.0%] vs 2/32 [6.3%; 95% CI,
0%-14.6%], respectively; P = .02)
(TABLE 4).

Subgroup analyses of outcome
according to treatment (cetuximab
monotherapy or cetuximab plus che-
motherapy) are presented in Table 3.
In the cetuximab plus chemotherapy

subgroup, a statistically significant asso-
ciation between the p.G13D mutation
and better outcome after cetuximab
treatment was observed, unlike in
patients with other KRAS-mutated
tumors. Patients with p.G13D-
mutated tumors (n=22), comparedwith
those with other KRAS-mutated tumors,
had significantly longer overall sur-
vival (median, 10.6 [95% CI, 5.7-
24.6] months vs 7.4 [95% CI, 5.5-9.0]

months; adjusted HR, 0.46; 95% CI,
0.24-0.86; P=.02), longer progression-
free survival (median, 4.1 [95% CI, 2.8-
6.9] months vs 2.8 [95% CI, 2.5-3.7]
months; adjusted HR, 0.49; 95% CI,
0.28-0.86; P=.01) (Table 3), and higher
response rate (2/22 [9.1%; 95% CI,
0%-21.1%] vs 1/99 [1.0%; 95% CI,
0%-3.0%]; P=.08). No significant dif-
ference in either overall or progression-
free survivalwas foundbetweenpatients

Table 3. Overall and Progression-Free Survival in Cetuximab-Treated Patients

Survival

KRAS Mutation

KRAS Wild-Type
(n = 464)

KRAS p.G13D
Mutation
(n = 45)

Other KRAS
Mutation
(n = 265)

Overall survival
Any cetuximab-based treatment, No. 32 195 345

Median survival (95% CI), mo 7.6 (5.7-20.5) 5.7 (4.9-6.8) 10.1 (9.4-11.3)
Univariate HR (95% CI)a 1 [Reference] 0.52 (0.33-0.80) 1.01 (0.66-1.54)
Log-rank P value .003 .98
Multivariate HR (95% CI)a 1 [Reference] 0.50 (0.31-0.81) 0.94 (0.60-1.48)
Cox regression P value .005 .79

Cetuximab monotherapy, No. 10 91 146
Median survival (95% CI), mo 6.7 (3.3-20.5) 4.8 (4.0-5.9) 9.4 (7.7-10.3)
Univariate HR (95% CI)a 1 [Reference] 0.66 (0.32-1.38) 0.86 (0.41-1.78)
Log-rank P value .27 .68
Multivariate HR (95% CI)a 1 [Reference] 0.74 (0.34-1.64) 0.70 (0.31-1.62)
Cox regression P value .46 .41

Cetuximab plus chemotherapy, No. 22 104 199
Median survival (95% CI), mo 10.6 (5.7-24.6) 7.4 (5.5-9.0) 11.3 (9.9-13.6)
Univariate HR (95% CI)a 1 [Reference] 0.50 (0.29-0.88) 1.06 (0.62-1.81)
Log-rank P value .01 .96
Multivariate HR (95% CI)a 1 [Reference] 0.46 (0.24-0.86) 1.0 (0.56-1.79)
Cox regression P value .02 �.99

Progression-free survival
Any cetuximab-based treatment, No. 32 194 347

Median survival (95% CI), mo 4.0 (1.9-6.2) 1.9 (1.8-2.8) 4.2 (3.9-5.4)
Univariate HR (95% CI)a 1 [Reference] 0.54 (0.36-0.81) 0.99 (0.68-1.45)
Log-rank P value .02 .97
Multivariate HR (95% CI)a 1 [Reference] 0.51 (0.32-0.81) 1.10 (0.72-1.69)
Cox regression P value .004 .66

Cetuximab monotherapy, No. 10 91 146
Median survival (95% CI), mo 1.8 (1.7-11.0) 1.8 (1.8-1.9) 3.7 (2.8-4.1)
Univariate HR (95% CI)a 1 [Reference] 0.49 (0.23-1.03) 0.72 (0.35-1.48)
Log-rank P value .05 .37
Multivariate HR (95% CI)a 1 [Reference] 0.60 (0.25-1.40) 0.63 (0.27-1.49)
Cox regression P value .24 .29

Cetuximab plus chemotherapy, No. 22 103 201
Median survival (95% CI), mo 4.1 (2.8-6.9) 2.8 (2.5-3.7) 5.5 (4.2-5.5)
Univariate HR (95% CI)a 1 [Reference] 0.63 (0.39-1.03) 1.23 (0.79-1.94)
Log-rank P value .06 .44
Multivariate HR (95% CI)a 1 [Reference] 0.49 (0.28-0.86) 1.30 (0.78-2.16)
Cox regression P value .01 .31

Abbreviations: CI, confidence interval; HR, hazard ratio.
aHazard ratios are expressed for comparison of KRAS p.G13D mutation vs other status.
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with p.G13D-mutated and KRAS wild-
type tumors in either of these 2 sub-
groups (P=.41 and P� .99 for overall
survival and P=.29 and P=.31 for pro-
gression-free survival in the cetux-
imab monotherapy and cetuximab plus
chemotherapy groups, respectively)
(Table 3).

However, patients with KRAS wild-
type tumors receiving cetuximab with
chemotherapy had a significantly higher
response rate than patients with
p.G13D-mutated tumors (68/199
[34.2%; 95% CI, 27.6%-40.8%] vs 2/22
[9.1%; 95% CI, 0%-21.1%], respec-
tively; P=.03). FIGURE 1 and FIGURE 2
show predictive effects by KRAS sta-
tus. Among patients who received any
cetuximab-based treatment, those with
p.G13D-mutated tumors had a longer
median overall survival (7.6 [95% CI,
5.7-20.5] months) and progression-
free survival (4.0 [95% CI, 1.9-6.2]
months) than those receiving best sup-
portive care alone (3.6 [95% CI, 2.2-
4.8] months and 1.7 [95% CI, 1.5-
1.7] months, respectively), which were

significant in univariate analysis (over-
all survival: HR, 0.24; 95% CI, 0.12-
0.51; P� .001; progression-free sur-
vival: HR, 0.39; 95% CI, 0.20-0.78;
P=.006) but became nonsignificant in
multivariate analysis (overall survival:
adjusted HR, 0.40; 95% CI, 0.13-1.28;
P=.12; progression-free survival: HR,
0.53; 95% CI, 0.16-1.73; P=.29).

For patients with other KRAS muta-
tions, no significant difference in over-
all survival was found between any and
no cetuximab treatment (median, 5.7
[95% CI, 4.9-6.8] months vs 4.7 [95%
CI, 3.6-6.7] months; adjusted HR, 1.07;
95% CI, 0.74-1.60; P=.71), while a sig-
nificant difference was found in pro-
gression-free survival (median, 1.9
[95% CI, 1.8-2.8] months vs 1.8 [95%
CI, 1.7-1.9] months) in univariate
analysis (HR, 0.69; 95% CI, 0.52-0.92;
P=.01) but not in multivariate analy-
sis (adjusted HR, 0.93; 95% CI, 0.71-
1.39; P=.96). As expected, patients with
KRAS wild-type tumors receiving any
cetuximab-based treatment, com-
pared with patients receiving best sup-

portive care alone, had significantly
longer median overall survival (10.1
[95% CI, 9.4-11.3] months vs 5.0 [95%
CI, 4.2-5.5] months, respectively; ad-
justed HR, 0.60; 95% CI, 0.44-0.81;
P � .001) and progression-free sur-
vival (4.2 [95% CI, 3.9-5.4] months vs
1.9 [95% CI, 1.8-2.0] months; ad-
justed HR, 0.42; 95% CI, 0.32-0.56;
P� .001).

We performed a test for interaction
between any vs no cetuximab treat-
ment and p.G13D vs other KRAS mu-
tations. The adjusted P value for the in-
teraction was P=.003 (HR, 0.30; 95%
CI, 0.14-0.67) for overall survival and
P=.05 (HR, 0.47; 95% CI, 0.22-1.00)
for progression-free survival. There was
no interaction between p.G13D muta-
tion vs wild-type KRAS status and over-
all survival benefit from cetuximab-
based treatment (any vs none) (HR,
0.49; 95% CI, 0.23-1.04; P=.06).

In univariate analysis, patients with
p.G13D-mutated tumors had a signifi-
cantly longer overall survival com-
pared with patients receiving best sup-
portive care (any cetuximab: HR, 0.24;
95% CI, 0.11-0.50; P� .001; cetux-
imab monotherapy: HR, 0.34; 95% CI,
0.13-0.87; P=.02). Similarly, progres-
sion-free survival was superior in
p.G13D patients receiving any cetux-
imab (HR, 0.39; 95% CI, 0.19-0.78;
P=.006) and cetuximab monotherapy
(HR, 0.38; 95% CI, 0.15-0.98; P=.04)
compared with patients receiving best
supportive care alone. Although the dif-
ferences were no longer statistically sig-
nificant in multivariate analysis, the sig-
nificant P value for interaction confirms
that in this data set, the p.G13D mu-
tation was associated with signifi-
cantly greater overall survival benefit
than tumors expressing other KRAS
mutations (Figure 2 and FIGURE 3).

For patients with other KRAS-
mutated tumors, progression-free sur-
vival was significantly longer when re-
ceiving cetuximab with chemotherapy
than when receiving best supportive
care alone (median, 2.8 [95% CI, 2.5-
3.7] months vs 1.8 [95% CI, 1.7-1.9]
months; adjusted HR, 0.53; 95% CI,
0.36-0.79; P=.002) but not when re-

Table 4. Response Rates in Cetuximab-Treated Patients

Objective Response

KRAS Mutation

KRAS Wild-Type
(n = 464)

KRAS p.G13D
Mutation
(n = 45)

Other KRAS
Mutation
(n = 265)

Any cetuximab-based treatment, No. 32 188 345

Response rate, No. (%) [95% CI] 2/32 (6.3)
[0-14.6]

3/188 (1.6)
[0-3.3]

91/345 (26.4)
[21.7-31.0]

Univariate OR (95% CI)a 1 [Reference] 4.28 (0.69-26.70) 0.19 (0.05-0.82)

Fisher exact test P value .15 .02

Multivariate OR (95% CI)a 1 [Reference] 3.64 (0.53-25.13) 0.16 (0.04-0.72)

Logistic regression P value .19 .02

Cetuximab monotherapy, No. 10 89 146

Response rate, No.(%) [95% CI] 0/10 (0) 2/89 (2.3)
[0-5.3]

23/146 (15.8)
[9.8-21.7]

Univariate OR (95% CI)a 1 [Reference] NC NC

Fisher exact test P value .94 .36

Multivariate OR (95% CI)a 1 [Reference] NC NC

Logistic regression P value .97 .97

Cetuximab � chemotherapy, No. 22 99 199

Response rate No.(%) [95% CI] 2/22 (9.1)
[0-21.1]

1/99 (1.0)
[0-3.0]

68/199 (34.2)
[27.6-40.8]

Univariate OR (95% CI)a 1 [Reference] 10.42 (0.90-120.8) 0.20 (0.05-0.90)

Fisher exact test P value .08 .03

Multivariate OR (95% CI)a 1 [Reference] 8.63 (0.71-105.6) 0.22 (0.05-0.97)

Logistic regression P value .09 .046
Abbreviations: CI, confidence interval; NC, not computed; OR, odds ratio.
aOdds ratios are expressed for comparison of KRAS p.G13D mutation vs other status.
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ceiving cetuximab as monotherapy
(Figure 2), suggesting some retained
chemosensitivity in these patients. Re-
gardless of whether cetuximab was re-
ceived with or without chemo-
therapy, patients with KRAS wild-type
tumors, compared with those receiv-

ing best supportive care alone, had sig-
nificantly longer median survival (ce-
tuximab plus chemotherapy: median,
11.3 [95% CI, 9.9-13.6] months vs 5.0
[95% CI, 4.2-5.5] months; adjusted HR,
0.44; 95% CI, 0.32-0.62; P� .001; ce-
tuximab monotherapy: median, 9.4

[95% CI, 7.7-10.3] months vs 5.0 [95%
CI, 4.2-5.5] months; adjusted HR, 0.58;
95% CI, 0.42-0.78; P� .001) and pro-
gression-free survival (cetuximab plus
chemotherapy: median, 5.5 [95% CI,
4.2-5.5] months vs 1.9 [95% CI, 1.8-
2.0] months; adjusted HR, 0.22; 95%

Figure 1. Overall Survival: Predictive Analysis by KRAS Status for Patients Receiving Any Cetuximab-Based Therapy vs No Cetuximab
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The no cetuximab group for all patients from the pooled data set is the best supportive care group from the CO.17 trial.

Figure 2. Forest Plot of Hazard Ratios (HRs) for Overall and Progression-Free Survival With and Without Cetuximab
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6.7 (3.3-20.5) 3.6 (2.2-4.8)p.G13D mutation 0.64 (0.18-2.21)
4.8 (4.0-5.9) 4.7 (3.6-6.7)Other KRAS mutation 0.97 (0.67-1.42)

Progression-free survival
4.2 (3.9-5.4) 1.9 (1.8-2.0)KRAS wild-type 0.42 (0.32-0.56)
4.0 (1.9-6.2) 1.7 (1.5-1.7)p.G13D mutation 0.53 (0.16-1.73)
1.9 (1.8-2.8) 1.8 (1.7-1.9)Other KRAS mutation 0.93 (0.71-1.39)

Progression-free survival
3.7 (2.8-4.1) 1.9 (1.8-2.0)KRAS wild-type 0.39 (0.29-0.53)
1.8 (1.7-11.0) 1.7 (1.5-1.7)p.G13D mutation 0.63 (0.17-2.30)
1.8 (1.8-1.9) 1.8 (1.7-1.9)Other KRAS mutation 0.96 (0.69-1.35)

Cetuximab monotherapy vs no cetuximab in CO.17 trial only
Overall survival

9.4 (7.7-10.3) 5.0 (4.2-5.5)KRAS wild-type 0.58 (0.42-0.78)
5.5 (3.0-NA) 3.6 (2.2-4.8)p.G13D mutation 0.61 (0.17-2.19)
4.7 (3.8-5.6) 4.7 (3.6-6.7)Other KRAS mutation 0.99 (0.67-1.44)

Progression-free survival
3.7 (3.1-5.1) 1.9 (1.8-2.0)KRAS wild-type 0.41 (0.30-0.55)
1.7 (1.6-1.9) 1.7 (1.5-1.7)p.G13D mutation 0.78 (0.22-2.74)
1.8 (1.7-1.8) 1.8 (1.7-1.9)Other KRAS mutation 0.96 (0.68-1.34)

KRAS Subset
Any cetuximab vs no cetuximab

Overall survival
10.1 (9.4-11.3) 5.0 (4.2-5.5)KRAS wild-type 0.60 (0.44-0.81)

7.6 (5.7-20.5) 3.6 (2.2-4.8)p.G13D mutation 0.40 (0.13-1.28)
5.7 (4.9-6.8) 4.7 (3.6-6.7)Other KRAS mutation 1.07 (0.74-1.60)
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Comparisons include any cetuximab therapy (with or without chemotherapy) vs no cetuximab, cetuximab monotherapy vs no cetuximab, and a sensitivity analysis
including only those randomized from the CO.17 trial (cetuximab monotherapy vs no cetuximab). P values for interaction (adjusted for predefined prognostic factors)
indicate capacity of biomarker to differentiate outcomes between KRAS mutation status subgroups. CI indicates confidence interval; NA, not enough data to estimate.
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CI, 0.16-0.31; P � .001; cetuximab
monotherapy: median, 3.7 [95% CI,
2.8-4.1] months vs 1.9 [95% CI, 1.8-
2.0] months; adjusted HR, 0.39; 95%
CI, 0.29-0.53; P� .001) (Figure 2).

A separate analysis of the CO.17 trial
(n=195), containing the only random-
ized patients (cetuximab plus best sup-
portive care vs best supportive care
alone) in the pooled data set, was per-
formed as a sensitivity analysis to avoid
the potential bias associated with cross-
trial comparisons and to allow the pur-
est assessment of the impact of KRAS
mutations on the effect of cetuximab.

Within the p.G13D mutation sub-
set (n=13), the adjusted HR for over-
all survival for cetuximab therapy com-

pared with best supportive care alone
was in the same direction as in the
cross-trial comparison, although the P
value was not significant (adjusted HR,
0.61; 95% CI, 0.17-2.19; P=.45). There
was no benefit for cetuximab therapy
in the other KRAS mutations subset (ad-
justed HR, 0.99; 95% CI, 0.67-1.44;
P=.94). There was a significant inter-
action between p.G13D mutation sta-
tus (p.G13D vs other KRAS muta-
tions) and overall survival benefit from
therapy (cetuximab vs best support-
ive care) in the univariate analysis (HR,
0.33; 95% CI, 0.11-1.00; P=.05), which
was not significant in the multivariate
analysis (adjusted HR, 0.43; 95% CI,
0.14-1.34; P=.15) (FIGURE 4).

In Vitro and In Vivo Effects
of p.G13D Mutation
on Cetuximab Sensitivity
We introduced p.G12V and p.G13D
alleles in the genome of human colorec-
tal SW48 cells by targeted homologous
recombination (eAppendix).23 While the
proliferation of p.G12V-mutated SW48
cells was unaffected by cetuximab, the
isogenic p.G13D-mutated cells dis-
played a drug response similar to their
wild-type counterpart (eFigure 1, A). Im-
portantly, the proliferative capabilities of
parental and KRAS-mutated cells were
undistinguishable (eFigure 1, B). Cetux-
imab administration prominently inhib-
ited the growth of tumors formed by
wild-type or KRAS p.G13D mutant cells

Figure 3. Overall Survival: Predictive Analysis by KRAS Status for Patients Receiving Cetuximab Monotherapy vs No Cetuximab
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The no cetuximab group for all patients from the pooled data set is the best supportive care group from the CO.17 trial. Horizontal axis shown in blue indicates range
of time since randomization from 0 through 6 months.

Figure 4. Overall Survival: Predictive Analysis by KRAS Status for Patients Receiving Cetuximab Monotherapy vs No Cetuximab in the CO.17
Trial Only
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grown as xenografts in immunocompro-
mised mice (eFigure 1, C). In contrast,
the growth of tumors formed by the
KRAS p.G12V cells was not signifi-
cantly affected by cetuximab treatment
(eFigure 1, C). We then measured the
level of activation (phosphorylation sta-
tus) of EGFR and its downstream effec-
tors (mitogen-activated protein kinase/
extracellular signal-regulated kinase and
v-akt murine thymoma viral oncogene
homolog) in KRAS wild-type and mu-
tant SW48 cells. In the presence of ce-
tuximab, the p.G12V-mutated cells
seemingly could still activate the extra-
cellular signal-regulated kinase path-
way but the p.G13D-mutated cells could
not (eFigure 2). Of note, the levels of ac-
tivated KRAS (guanosine-5�-triphos-
phate-bound) were similar in p.G12V-
and p.G13D-mutated cells (eFigure 3).
Overall, these results indicate that the
KRAS p.G12V and p.G13D mutations
differently affect response to cetuximab
in preclinical models.

COMMENT
In a large, retrospective pooled explor-
atory analysis of patients with chemo-
therapy-refractory colorectal cancer, we
show for the first time that there is a
positive association between KRAS
p.G13D mutations and cetuximab treat-
ment in regard to better overall and pro-
gression-free survival.

The improved survival observed in
patients with p.G13D-mutated tu-
mors in the cetuximab monotherapy
group suggests that p.G13D-mutated
tumors may be sensitive to cetuximab
and precludes a chemotherapy-driven
effect. Patients with p.G13D-mutated
tumors treated with combination regi-
mens also have significantly better over-
all survival than do those with other
KRAS-mutated tumors, which mirrors
the observation in monotherapy-
treated patients, suggesting cetuximab-
dependent effects, although it cannot
be excluded that chemotherapy is a con-
founding factor in patients treated with
cetuximab plus chemotherapy.

In the monotherapy group, the dif-
ference in overall and progression-
free survival between patients with

p.G13D-mutated tumors and those with
other KRAS-mutated tumors was not
statistically significant. However, the
magnitude of the effect was compa-
rable and the direction was the same as
in the patients treated with cetuximab
plus chemotherapy.

Because this is a pooled analysis, to
reduce the risk of biases implicit in this
kind of study, we adjusted for type of
previous treatment (whether all 3 che-
motherapy drugs [fluoropyrimidine, iri-
notecan, and oxaliplatin] were previ-
ously received) and data set in the
multivariate analyses. However, in the
absence of randomization, there may be
inadequate controlling for unknown
confounders. For the predictive analy-
sis and the estimation of treatment effect
of cetuximab over no cetuximab, the
comparator group for all patients from
the pooled data set was the best sup-
portive care group from the CO.17 trial.
The sensitivity analysis from the CO.17
trial provided an unbiased estimate that
was consistent with the finding of the
pooled analysis, although it was not sta-
tistically significant.

To study the association of the
p.G13D mutation with outcome in
metastatic colorectal cancer, we com-
pared overall and progression-free sur-
vival between the different KRAS mu-
tation groups in the 195 patients in the
CO.17 trial randomized to best sup-
portive care alone. In this subset, the
13 patients with p.G13D-mutated
tumors had a worse overall survival
than those with KRAS wild-type tu-
mors and those with tumors bearing
other KRAS mutations, in univariate but
not in multivariate analysis. Of particu-
lar relevance, patients with p.G13D-
mutated tumors in our series also
seemed to benefit more from cetux-
imab treatment than those with KRAS
wild-type tumors, suggesting that the
poor prognosis of a p.G13D mutation
is mitigated by cetuximab treatment.
Given the relatively small number of pa-
tients with p.G13D-mutated tumors,
caution in drawing conclusions is war-
ranted. Comparing overall survival be-
tween patients with p.G13D-mutated
vs other KRAS-mutated and KRAS wild-

type colorectal cancers in the control
groups of randomized trials will con-
tribute to determining whether this is
a true association.

Although p.G13D-mutated tumors do
not behave like other KRAS-mutated tu-
mors, they appear to behave somewhat
differently than KRAS wild-type tu-
mors. Our results indicate that patients
with p.G13D-mutated tumors respond
to cetuximab therapy, albeit with a lower
response rate than those with KRAS wild-
type tumors.

The prolonged progression-free and
overall survival of patients with
p.G13D-mutated tumors in compari-
son with those with other KRAS-
mutated tumors may not be due to a real
reduction in tumor burden but to a de-
lay in progression. A possible explana-
tion of this clinical observation is that
p.G13D mutant tumors do not un-
dergo apoptosis (cytotoxic effect) on
EGFR inhibition, but proliferation is in-
hibited (cytostatic effect).

When assessing the effect of cetux-
imab treatment on cellular prolifera-
tion in SW48 isogenic clones carrying
p.G12V or p.G13D mutations, we found
that while p.G12V-mutated cells were
insensitive to cetuximab, p.G13-
mutated cells were nearly as respon-
sive to cetuximab as wild-type cells.
These results provide a cell-based mo-
lecular explanation to our clinical ob-
servation that patients with p.G13D-
mutated tumors benefit from cetuximab
treatment, while those with other
KRAS-mutated tumors do not.

Our study is limited because it is a
retrospective observational study that
relies largely on nonrandomized or
cross-trial comparisons for discussion
of possible treatment effects. It can
therefore only suggest an association be-
tween p.G13D mutation status and sur-
vival benefit after cetuximab-based
treatment. The results from the pa-
tient sample analyses are supported by
isogenic cellular models, wherein the
different effects of the G12 and G13
KRAS alleles on response to cetux-
imab are evident.

In conclusion, our study retrospec-
tively observed an association be-
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tween the presence of a p.G13D muta-
t ion and surv iva l benef i t in
chemotherapy-refractory metastatic co-
lorectal cancer treated with cetux-
imab. Prospective randomized trials are
needed before conclusions about po-
tential beneficial effects of cetuximab
in p.G13D-mutated chemotherapy-
refractory metastatic colorectal cancer
should be inferred.
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