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were incidentally discovered at autopsy. Proportions were 
highest for Czech Republic, Latvia, and Finland (table 1). 
After exclusions, 8 668 723 records were included in the 
estimate of survival of patients diagnosed during 2000–07. 
From the second dataset examining patients diagnosed 
between 1995–2007, 10 219 439 records were included in 
the analysis of survival over diff erent time periods. 

For 24 countries, more than 85% of cancers were 
microscopically verifi ed. Of cases diagnosed in 
2000–03—with potential follow-up of least 5 years—the 
proportion censored while alive with less than 5 years of 
follow-up was mostly negligible (1%). Exceptions were 
France (4∙6%) and Switzerland (8∙2%). Only 1·1% of 
neoplasms were assigned a non-specifi c morphology 
code (8000–8005), with highest proportions in Latvia 
(5·5%) and Lithuania (5·1%). 

Figure 1 shows the European mean age-standardised 
5-year relative survival for 46 cancers. These cancers 
constituted 96% of all cancers recorded in 2000–07 by the 
participating registries. The cancers with the highest 
survival at 5 years were testicular cancer (88·6%, 95% CI 
87∙4–89∙7) and lip cancer (88∙1%, 86∙6–89∙4). Thyroid 
cancer (86∙5%, 86∙1–87∙0), prostate cancer (83∙4%, 
83∙1–83∙6), skin melanoma (83∙2%, 82∙9–83∙6), breast 
cancer (women only; 81∙8%, 81∙6–82∙0) and Hodgkin’s 
lymphoma (80∙8%, 80∙2–81∙4) also had good survival. 
About a third of all cancer cases had survival greater than 
80%, whereas about a quarter had survival below 30%. 
The appendix shows variation between countries for 
5-year age-adjusted relative survival.

For stomach cancer, 5-year survival, as calculated from 
the fi rst dataset, was poor (25∙1%, 95% CI 24∙8–25∙4), 
with a signifi cant diff erence between men and women 
(appendix). Geographical diff erences were large (table 2), 
with highest survival in southern and central Europe, 
particularly Italy, Portugal, Switzerland, Germany, 
Austria, and Belgium; intermediate survival in northern 
Europe; and lowest survival in eastern Europe and the 
UK and Ireland. In a post-hoc analysis of apparent 
outliers, Netherlands and Denmark had signifi cantly 
lower survival (p<0·0001) than the mean for central and 
northern Europe, respectively. Survival decreased steeply 
with age in all regions (fi gure 2, appendix). In southern 
Europe, survival of patients aged 15–64 years was higher 
than in central Europe. When analysing the second 
database, we saw that 5-year survival increased from 
23∙3% (95% CI 22∙9–23∙8) in 1999–2001 to 25∙1% 
(24∙6–25∙6) in 2005–07 (fi gure 3, appendix).

For colon cancer, the European mean age-standardised 
5-year survival was 57∙0% (95% CI 56∙8–57∙3), with 
negligible diff erences between the sexes (appendix). 
Northern, central, and southern Europe had similar 
survival, at around 60%. For eastern Europe, and the UK 
and Ireland, survival was lower (table 2). Several countries 
had signifi cantly diff erent survival compared with the 
mean of their respective regions, including Denmark, 
Croatia, Slovenia, and Ireland (table 2; p<0·0001). 
Survival age trends were similar for all European regions: 
survival was best for patients aged 15–44 years, roughly 
constant for those aged 45–64 years, and reduced 
thereafter (fi gure 2, appendix). European 5-year survival 
increased from 54∙2% (53∙9–54∙6) in 1999–2001 to 
58∙1% (57∙7–58∙4) in 2005–07, with a similar change in 
each region (fi gure 3, appendix).
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Figure 1: European mean age-standardised 5-year relative survival for adult patients with cancer diagnosed 
in 2000–2007
Error bars are 95% CIs. The European mean is the (population) weighted mean of country-specifi c relative survival 
estimates. See appendix for median data. SBLL/CLL=small B-cell lymphocytic lymphoma or B-cell chronic 
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Table 2. Age-standardized pancreatic cancer mortality death rates for all ages, 25–49 and 50–64 years in the quinquennia 2000–2004 and 2005–2009
with predicted rate for the year 2014 in the EU and selected countries

All ages 25–49 years 50–64 years
ASRa

2000–2004
ASRa

2005–2009
Predicted
ASRa 2014

ASRa

2000–2004
ASRa

2005–2009
Predicted
ASRa 2014

ASRa

2000–2004
ASRa

2005–2009
Predicted
ASRa 2014

Men
France 7.57 7.96 8.76 1.88 1.80 1.64 20.59 21.68 26.85
Germany 8.20 8.35 8.55 1.73 1.65 1.64 22.20 22.08 20.95
Italy 7.39 7.60 7.47 1.55 1.57 1.39 19.72 19.88 19.54
Poland 8.03 8.16 8.11 2.61 2.21 1.42 23.94 24.74 25.99
Spain 6.43 6.59 6.64 1.82 1.70 1.61 18.16 18.65 18.64
The UK 6.35 6.47 6.56 1.36 1.17 1.15 16.06 16.19 17.26
European
Union
(27)

7.60 7.83 8.13 1.92 1.76 1.57 20.78 21.36 22.77

Women
France 4.44 4.80 5.35 0.91 0.96 1.12 10.00 11.14 13.40
Germany 5.56 5.88 6.13 0.99 0.96 1.07 12.85 13.65 12.31
Italy 5.06 5.15 5.33 0.89 0.94 0.89 11.52 11.31 11.49
Poland 5.01 5.16 5.20 1.14 1.09 1.09 13.09 13.33 15.10
Spain 3.74 3.99 4.08 0.86 1.00 0.99 8.65 9.13 9.92
The UK 4.75 5.02 5.22 0.81 0.81 0.93 11.13 11.31 10.99
European
Union
(27)

4.97 5.23 5.56 0.98 0.99 1.05 11.72 12.29 12.47

aASR, age-standardized mortality rate, standardized using the world standard population.
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ALK-negative controls in this study consisted of 
320 patients with advanced NSCLC lacking ALK re-
arrangement. These patients underwent genetic testing 
at Massachusetts General Hospital (MGH; Boston, MA, 
USA) over the same time period as ALK-positive patients 
(up to Feb 10, 2010), and screened negative for ALK 
rearrangement by FISH. All patients were also screened 
for EGFR mutations by direct DNA sequencing of exons 
18 to 21, or by a multiplex mutation-screening test 
(SNaPshot).24 There were no cases of coexisting ALK 
rearrangement and EGFR mutation. Of the 320 ALK-
negative controls, 253 were negative for both ALK and 
EGFR mutations (wild-type controls). Data were obtained 
in the same manner as for ALK-positive patients, and 
updated as of March 15, 2011. The chart review of ALK-
positive and ALK-negative patients was approved by the 
institutional review board at each of the participating 
centres.

Statistical analysis
Fisher’s exact test and Wilcoxon rank-sum test were used 
to assess the association of treatment group or genotype 
status with demographic and clinicopathological charac-
teristics and treatment histories. The survival time of 
patients who were known to be alive at the time of the 
data update were censored at the date of last follow-up. 
Median follow-up time was calculated by the reverse 
Kaplan-Meier approach. Overall survival was estimated 
by the Kaplan-Meier method, and the log-rank test was 
used to compare the diff erence between patient or 
genotype groups. The hazard ratio (HR) between two 
groups was estimated by proportional hazards regression 
with a 95% Wald confi dence interval (95% CI). Data 
analysis was done with SAS version 9.2, and all p values 
were two-sided.

Role of the funding source
Pfi zer Oncology sponsored the phase 1 clinical trial of 
crizotinib. The sponsor provided funding and 
organisational support for the trial, and collected data for 
the 82 crizotinib-treated patients. The sponsor did not 
identify or collect data for the 36 crizotinib-naive patients. 
The sponsor did not design or provide funding for this  
study. The sponsor provided input to the authors on their 
analysis and interpretation of overall survival data. The 
sponsor was not involved in writing the report but reviewed 
the fi nal version before submission. The corresponding 
author had full access to all the data in the study, and had 
fi nal responsibility for the decision to submit for 
publication. 

Results
We assessed overall survival in the subgroup of 82 patients 
with advanced, ALK-positive NSCLC who had enrolled on 
the multicentre phase 1 clinical trial of crizotinib.17 These 
patients were mainly young (median age 51 years [range 
25–78]), never smokers with adenocarcinoma histology, as 
previously reported.17 Among the 82 patients, 50 (61%) 
were enrolled at US study sites, 26 (32%) at the Korean 
site, and the remaining six (7%) in Australia. Since the 
protocol placed no restriction on the number of previous 
therapies, this number varied widely among patients, 
ranging from zero to seven previous lines (median two) of 
therapy for metastatic disease. 73 (89%) of the 82 patients 
had received at least one previous therapy for metastatic 
disease. As shown in fi gure 2, median overall survival from 
the date of fi rst crizotinib dose has not been reached 
(95% CI 17 months to not reached), 1-year overall survival 
was 74% (95% CI 63–82), and 2-year overall survival was 
54% (40–66). Overall survival did not diff er based on age 
(≤50 vs >50 years, p=0·692), sex (p=0·975), smoking history 
(never vs any smoking, p=0·857), or ethnic origin (Asian vs 
non-Asian, p=0·857; webappendix p 2). Median follow-up 
for the 82 crizotinib-treated patients was 18 months 
(IQR 16–22). 

Our control group of 36 ALK-positive patients who had 
not received crizotinib (fi gure 1) had been screened at four 
study sites (three in the USA, one in Australia) over the 
same time period as crizotinib-treated patients. Since no 
ALK-positive controls were identifi ed at the Korean study 
site by the cutoff  date of Feb 10, 2010, and since Asians 
might have diff erent crizotinib pharmacokinetics than 
white people,25 we compared control, crizotinib-naive 
patients with the non-Korean cohort of crizotinib-treated 
patients (n=56). As shown in table 1, both demographic 
and clinicopathological characteristics were well balanced 
between the 36 control and 56 crizotinib-treated, ALK-
positive patients. The groups were also well balanced in 
terms of presence of brain metastases at any time during 
the disease course. Whereas the number of previous 
therapies for metastatic disease ranged from zero to seven 
for crizotinib-treated patients, the number of therapies for 
ALK-positive control patients ranged from one to four. 

Figure 2: Overall survival for ALK-positive, crizotinib-treated patients 
Overall survival is shown for the subset of 82 ALK-positive patients who enrolled on the international, multicentre 
phase 1 clinical trial of crizotinib.17 Overall survival was calculated from the date of fi rst crizotinib dose.
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patients who received either gefi tinib or erlotinib. As 
shown in fi gure 4A, from the time of starting TKI therapy, 
survival was similar for crizotinib-treated, ALK-positive 
patients (median overall survival not reached [95% CI 
17 months to not reached], 1-year overall survival 71% 
[95% CI 58–81], 2-year overall survival 57% [40–71]) 
compared with EGFR TKI-treated, EGFR-positive 
patients (median overall survival 24 months [95% CI 
15–34], 1-year overall survival 74% [61–83], 2-year overall 
survival 52% [38–65]; p=0·786). Since only six (11%) of 
56 ALK-positive patients received crizotinib fi rst-line, 
whereas most EGFR-positive patients (44 [70%] of 63) 
received fi rst-line EGFR TKI therapy, we also compared 
survival by line of TKI therapy. Among the subsets of 
30 ALK-positive and 19 EGFR-positive patients who 
received TKI therapy as their second-line or third-line 

agent, overall survival from the time of TKI therapy was 
also similar (median overall survival not reached [95% CI 
14 months to not reached] vs 15 months [12–32]; 1-year 
overall survival 70% [95% CI 50–83] vs 72% [46–87], 2-year 
overall survival 55% [33–72] vs 43% [20–64], respectively; 
p=0·578). Thus, ALK-positive patients given crizotinib 
have a similar overall survival to EGFR-positive patients 
given an EGFR TKI. 

We also assessed survival in ALK-positive patients versus 
wild-type controls, for whom there are generally no 
eff ective TKIs. Analyses of overall survival measured from 
the time of metastatic diagnosis or from the time of second-
line therapy yielded similar results. As shown in fi gure 4B, 
median overall survival from second-line therapy among 
ALK-positive patients who did not receive crizotinib (n=23) 
was 6 months (95% CI 4–17), whereas that of wild-type 

Figure 4: Overall survival for ALK-positive versus ALK-negative patients
(A) Overall survival for 56 crizotinib-treated, ALK-positive patients compared with 63 ALK-negative, EGFR-positive patients who received erlotinib or gefi tinib. Overall survival was calculated from the 
start of crizotinib or EGFR TKI therapy. (B) Overall survival comparison for ALK-positive vs ALK-negative, EGFR-negative (wild-type) patients. Overall survival was calculated from second-line or third-line 
crizotinib in 30 ALK-positive patients and from any second-line therapy in 23 ALK-positive controls and 125 wild-type controls. p value is for the diff erence in overall survival between crizotinib-treated, 
ALK-positive patients and wild-type controls. (C) Overall survival comparison for 36 ALK-positive, crizotinib-naive patients vs 253 wild-type controls. Overall survival was calculated from metastatic 
diagnosis. (D) Overall survival analysis in younger (≤60 years) never or light-smoking patients in the ALK-positive, crizotinib-naive vs wild-type groups. Overall survival was calculated from metastatic 
diagnosis.
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Dianas	
  potencialmente	
  tratables	
  
•  Mutaciones	
  EGFR	
  
•  Translocaciones	
  ALK	
  
•  Translocación	
  ROS1	
  

•  Mutación	
  EGFR2/HER2	
  
•  Mutación	
  BRAF	
  

•  Kras	
  
•  MEK	
  
•  PI3K	
  
•  MET	
  
•  DDR2	
  
•  FGFR-­‐2	
  
•  PD1/PDL1	
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Ensuring	
  equity	
  of	
  access	
  to	
  innova8on:	
  
France	
  organisa8on	
  of	
  molecular	
  centres	
  for	
  personalized	
  medicine	
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Ø  28 regional centres 

§  Partnerships between 

several laboratories located 

in University hospitals and 

cancer centres 

§   Regional organization 

§  Cooperation between 

pathologists and biologists 

Ø  Objectives   

§  Perform molecular testing for all 
patients; 

§  Whatever the healthcare 
institution status (public 
hospitals, private hospitals…); 

§  Perform high quality tests; 

§  leukemia, solid tumours 

 

Provides nationwide molecular diagnostic tests 
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appropriate treatment. Similarly, the result 
was not informative for 5.6% of patients with 
lung cancer who were tested for an EGFR 
mutation. PCR led to no DNA amplifica-
tion in 4.1% of cases, and in 1.5% of cases 
there was insufficient tumour tissue left for 
testing. Moreover, the EGFR test was not 
informative for 5.2% of patients because of 
a low cell tumour content leading to a high 
risk of false negative results in instances 
where no mutation was identified.

Cost effectiveness
The decision to provide and fund a new pre-
dictive test is driven both by the regulatory 
requirement to market authorized targeted 
therapies and by the medical benefit for 
patients. An additional benefit of molecular- 
profile-guided targeted treatment strat-
egies is that they seem to be cost effective 
in comparison to standard strategies (tar-
geted therapy administrated to all patients). 
Indeed, the cost of molecular testing is 
largely counterbalanced by savings on pre-
scriptions. In metastatic breast cancer, for 
example, a cost-effectiveness study showed 
that trastuzumab therapy without HER2 
testing was clearly inferior to HER2-guided 
trastuzumab therapy strategies (FISH alone 
or for confirmation of IHC results).45

Data from the phase III CO.17 clini-
cal trial, which compared the efficacy of 
cetuximab therapy to best supportive care 
in patients with colorectal cancer, showed 
that the median PFS was 8 weeks for KRAS-
mutation-positive patients in both groups.25 
For patients with wild-type KRAS tumours, 

the median PFS was 3.7 months in the cetuxi-
mab group and 1.9 months in the supportive- 
care group (P <0.001). A Swiss study based 
on these clinical data showed that the cost of 
mutation analysis (€394) was overcompen-
sated by savings associated with the restric-
tion of cetuximab to expected responders 
with wild-type KRAS (€3,301).46 Considering 
that the KRAS test avoids 4 weeks of therapy 
with cetuximab or panitumumab in the 40% 
of patients with metastatic colorectal cancer 
who have KRAS mutations, a study in the 
USA revealed that cost savings would be 
achieved if screening could be performed 
for less than $3,460 per patient.47 Cost 
savings are even more compelling when 
cetuximab is administered in association 
with chemo therapy in frontline treatment. 
Indeed, even if KRAS-mutation-positive 
patients do not gain any benefit from cetuxi-
mab therapy, they still benefit from the con-
comitant chemotherapy treatment. Data 
from the phase III CRYSTAL clinical trial 
showed that the median PFS was 8 months 
for KRAS-mutation-positive patients in 
both the cetuximab and chemotherapy and  
chemotherapy-only groups.9,10 Thus, KRAS 
testing avoids a median of 8 months of 
administration of ineffective cetuximab 
therapy to patients with KRAS mutations that 
would cost €32,419 per patient in France.

The cost  of  mutat ion analysis  of 
lung cancer was also shown to be over-
compensated by savings associated with 
the restriction of gefitinib or erlotinib to 
predicted responders.48,49 The median PFS 
of EGFR-negative patients treated with 

gefitinib was 1.7 months and 1.5 months in 
the phase III INTEREST and IPASS clini-
cal trials respectively.6,7 Thus, EGFR testing 
avoids a median of 8 weeks of administra-
tion of gefitinib for EGFR-negative patients. 
In France in 2010, about 15,000 of the 16,834 
patients with lung cancer who bene fited from 
EGFR screening were EGFR-mutation nega-
tive and thus were ineligible for TKI-EGFR 
treatment. As 8 weeks of gefitinib treat-
ment costs €4,600 per patient in France, this 
would mean overall savings of €69 million. 
According to the numbers of EGFR tests 
performed in 2011 the spared costs should 
be even greater.

Lessons learned and future directions
Although laboratories carry out molecular 
tests in many countries, the French ini-
tiative is the first that has been organized 
nationwide with at least 4 years of follow-
up data. A similar initiative, sponsored by 
Cancer Research UK, is now ongoing in 
the UK50 and could be expanded to other 
European countries or Canada, who have 
a similar provincial organization. Such a 
centralized approach would be more dif-
ficult to envisage in the USA, due to their 
health-care insurance system. The French 
model relied on laboratories that had pre-
existing expertise in molecular testing. 
Three other essential conditions were key 
to its success: the implementation of a reac-
tive funding process enabling quick access 
to targeted therapies, the identification of a 
structure for national management and the 
commitment of clinicians, pathologists and  
molecular biologists.

The centralized health system in France 
and the policies brought about by the 
INCa and health authorities favoured  
the implementation of a uniform nation-
wide screening initiative over the provincial 
or state disparities seen in other countries. 
The development of collaborative networks 
between all the professionals involved was 
made possible by the regional organisation 
that was preferred to a more centralized 
organisation. In France there are 28 regional 
centres (one per 2 million inhabitants) with 
varying levels of activity depending on the 
size of the region. In order to guarantee ade-
quate expertise and minimize costs, central-
ized services for less-common tests such as 
KIT and PDGFRA screening of GIST, have 
also been set up.

Beyond offering widespread access and 
nationwide coverage, achieving and main-
taining quality is crucial. The regulation of 
biomarker assessment is less stringent in 
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These mutations are more frequently found in patients with adenocarcinoma, in women, in 
people of Asian origin and non-smokers. However, the frequency of mutations is not high 
enough for clinical factors themselves to predict the presence of an activating EGFR mutation 
and substitute for the determination of EGFR status. It may nevertheless provide indications 
of groups of patients who will mainly benefit from the determination of the EGFR status, in 
particular patients with adenocarcinoma. 

> Activ ity at  national level  

EGFR testing was performed for 16,834 patients in 2010, compared with 2,667 in 2009 (figure 
18). The number of tests increased six-fold over one year. 

Figure  18  Evolut ion  of  the  number  of  tests  for  EGFR  mutat ions  in  lung  cancer  

 

> Rate of  mutations 

The identified mutation rate was 10.5% (11.7% in 2009) and varied between laboratories 
[6.9%; 20.6%] (figure 19).  

Figure  19  Dist r ibut ion  of  EGFR  mutat ion  rates  in  2010 (%)  

 

The percentage of mutations may depend on several factors, such as histological tumour type 
and the sensitivity of the technique used. 

In order to demonstrate the effect that a particular technique may have on the detected 
mutation rate, a comparison of mutation rates was performed according to whether the 
laboratory used sequencing (sequencing or HRM + sequencing) or another technique (figure 
20). Distribution of detected mutation rates showed that there was no significant difference 
between the two approaches.  
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2012	
  data	
  

10,2% 

26,8% 
1,8% 

0,9% 2,4% 3,9% 

§  ALK translocation : 13801 patients screened 
-  IHC : 11539 tests  
-  FISH : 8658 tests 

 => Ongoing project in order to determine the strategy of analysis (IHC, FISH, RT-PCR) 
 

§  Median turn around time : 8,5 days for EGFR screening (upon receipt of the tumour block by the ad hoc centre) 

Courtesy	
  JC	
  Soria	
  



Contenido	
  

•  Datos	
  epidemiológicos,	
  magnitud	
  del	
  problema;	
  
resultados	
  y	
  evolución	
  terapéu8ca	
  

•  Relevancia	
  y	
  búsqueda	
  de	
  subpoblaciones	
  para	
  
tratamientos	
  dirigidos:	
  impacto	
  terapéu8co	
  

•  Limitaciones	
  de	
  los	
  tratamientos	
  dirigidos	
  
•  Progresión	
  durante	
  an8-­‐EGFR	
  
•  Progresión	
  durante	
  crizo8nib	
  
•  Conclusiones	
  



Limita8ons	
  for	
  personalized	
  and	
  targeted	
  
therapies	
  

•  Current	
  an8-­‐cancer	
  treatments	
  are	
  dominated	
  by	
  targe2ng	
  
gene2c	
  defects	
  such	
  as	
  oncogenes	
  (EGFR,	
  ALK,	
  ROS)	
  or	
  
non-­‐oncogenic	
  gene8c	
  defects	
  (i.e.	
  PARP	
  inhibitors	
  for	
  
BRCA1	
  deficiency).	
  	
  

•  Targe8ng	
  gene8c	
  defects	
  in	
  a	
  personalized	
  strategy	
  is	
  
limited	
  by	
  the	
  high	
  degree	
  of	
  intra-­‐tumor	
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adapta8on	
  of	
  gene8c	
  networks	
  resistance	
  and	
  high	
  
soma2c	
  muta2on	
  rates	
  in	
  cancer.	
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•  Response	
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•  All	
  pa8ents	
  progress	
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tion through loss of SETD2 methyltransferase func-
tion driven by three distinct, regionally separated 
mutations on a background of ubiquitous loss of 
the other SETD2 allele on chromosome 3p.

Convergent evolution was observed for the 
X-chromosome–encoded histone H3K4 demeth-
ylase KDM5C, harboring disruptive mutations in 
R1 through R3, R5, and R8 through R9 (missense 

and frameshift deletion) and a splice-site mutation 
in the metastases (Fig. 2B and 2C).

mTOR Functional Intratumor Heterogeneity
The mammalian target of rapamycin (mTOR) ki-
nase carried a kinase-domain missense mutation 
(L2431P) in all primary tumor regions except R4. 
All tumor regions harboring mTOR (L2431P) had 
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were ubiquitously present in one case each. These 
early ubiquitous events were outnumbered by non-
ubiquitous aberrations, indicating that the majority 
of chromosomal events occurred after tumors 
diverged, providing further evidence of branching 
evolution. Ploidy profiling detected intratumor 
heterogeneity in tumor from Patient 4 (Fig. 10 in 
the Supplementary Appendix), and Sanger se-
quencing of SETD2 in Patients 3 and 4 revealed 
intratumor heterogeneity in Patient 4: seven re-
gions of tumor sharing a SETD2 frameshift muta-
tion harbored absent trimethylated H3K36 stain-
ing, whereas a single region with wild-type SETD2 
but mutant VHL harbored strong tumor-cell tri-
methylated H3K36 staining (Fig. 14 in the Sup-
plementary Appendix).

Discussion

Multiregion genetic analysis of four consecutive tu-
mors provided evidence of intratumor heterogene-
ity in every tumor, with spatially separated hetero-

geneous somatic mutations and chromosomal 
imbalances leading to phenotypic intratumor diver-
sity (activating mutation in MTOR) and uniformity 
(loss-of-function mutation in SETD2 and PTEN). 
Of all somatic mutations found on multiregion se-
quencing, 63 to 69% were heterogeneous and thus 
not detectable in every sequenced region. Heteroge-
neous patterns of allelic imbalance were found in 
all tumors, and ploidy heterogeneity was found in 
two tumors. Therefore, we found that a single 
tumor-biopsy specimen reveals a minority of ge-
netic aberrations (including mutations, allelic im-
balance, and ploidy) that are present in an entire 
tumor.

Pretreatment tumor-biopsy specimens from Pa-
tient 1 had branched mutational profiles that were 
almost identical to those detected after everolimus 
exposure. Everolimus is not known to be muta-
genic, and the number of nonsynonymous muta-
tions did not increase after the administration of 
everolimus. Intratumor heterogeneity is unlikely to 
be confounded by clonal selection, since no tumor 

B Phylogenetic Relationships of Tumor Regions

A Regional Distribution of Mutations
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Figure 4. Genetic Intratumor Heterogeneity and Phylogeny in Patient 2.

Panel A shows the regional distribution of somatic mutations detected by exome sequencing in a heat map, with gray indicating the 
presence of a mutation and dark blue the absence of a mutation. The color bars above the heat map indicate classification of mutations ac-
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Unfortunately, despite these promising results, a com-
mon theme among patients with oncogene-driven can-
cers treated with small-molecule inhibitors is drug resis-
tance. The development of drug resistance remains a
major limitation and threat to the successful management
of advanced cancer. In this review, we formally define
therapeutic resistance, review mechanisms of resistance to
kinase inhibitors, and provide examples of therapeutic
strategies to attempt to delay or overcome resistance.
Given the complexity of the topic, this review focuses on
selected tumor types, namely NSCLC, melanoma, and
CML. However, many of the concepts discussed are
broadly applicable among several tumor types and can

serve as paradigms for understanding resistance in other
malignancies.

Definition of Therapeutic Resistance
Resistance to targeted therapies can be classified as pri-

mary resistance or acquired resistance (Fig. 1). Primary
resistance is defined as a de novo lack of treatment response.
Conversely, acquired resistance refers to disease progression
after an initial response to therapy. Importantly, acquired
resistance occurs while the patient is still receiving the
targeted therapy, implying that the tumor has developed
an "escape" mechanism to evade continuous blockade of
the target. Specific clinical criteria have been developed for

© 2014 American Association for Cancer Research
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Figure 1. Mechanisms of therapeutic resistance to kinase inhibitors. Resistance to targeted therapies can be classified as primary resistance or acquired
resistance. Primary resistance is defined as a de novo lack of treatment response and can be mediated by tumor intrinsic factors, such as concurrent
genetic alterations within the drug target or within other signaling molecules, and by patient-specific factors, such as drug–drug interactions. Conversely,
acquired resistance refers to disease progression after an initial response to the targeted therapy. Acquired resistance develops while the patient is
still receiving the targeted therapy, implying that the tumor has developed an "escape" mechanism to evade continuous blockade of the target. These
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exclusively and are therefore highly selective for 
this receptor. In addition, various small-molecule 
EGFR tyrosine kinase inhibitors can block differ-
ent growth factor receptor tyrosine kinases, in-
cluding other members of the EGFR family, or the 
vascular endothelial growth factor receptor. Vari-
ous irreversible EGFR tyrosine kinase inhibitors 

are now in early stages of clinical develop-
ment.4,5,12 The mechanism (or mechanisms) of 
action, pharmacologic effects, and spectrum of 
activity of anti-EGFR monoclonal antibodies and 
small-molecule EGFR tyrosine kinase inhibitors 
have differences that may be relevant for clinical 
activity (Table 1 and Fig. 2 and 3).13

COLOR  FIGURE

Figure 1. Signal Transduction Pathways Controlled by the Activation of EGFR. 

Three steps can be schematically defined in the activation of EGFR-dependent intracellular signaling.2-17 First, the binding of a receptor-
specific ligand occurs in the extracellular portion of the EGFR or of one of the EGFR-related receptors (HER2, HER3, or HER4). Second, 
the formation of a functionally active EGFR-EGFR dimer (homodimer) or of an EGFR-HER2, EGFR-HER3, or EGFR-HER4 dimer (heterodi-
mer) causes the ATP-dependent phosphorylation of specific tyrosine residues in the EGFR intracellular domain. Third, this phosphoryla-
tion triggers a complex program of intracellular signals to the cytoplasm and then to the nucleus. The two major intracellular pathways 
activated by EGFR are the RAS–RAF–MEK–MAPK pathway, which controls gene transcription, cell-cycle progression from the G1 phase 
to the S phase, and cell proliferation, and the PI3K–Akt pathway, which activates a cascade of anti-apoptotic and prosurvival signals. 
bFGF denotes basic fibroblast growth factor, HB-EGF heparin-binding EGF, MAPK mitogen-activated protein kinase, P phosphate, PI3K 
phosphatidylinositol 3,4,5-kinase, TGFα transforming growth factor α, and VEGF vascular endothelial growth factor. For more detailed 
information, see Figure 1 in the Supplementary Appendix (available with the full text of this article at www.nejm.org).
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Figure 1 | EGFR biology. a | Ligand binding to EGFR causes 
receptor homodimerization or heterodimerization, which 
leads to transphosphorylation of the cytoplasmic tail 
tyrosine residues. Lysine 721 (K721) is the critical site for 
ATP-binding and kinase activity of EGFR (shown in yellow). 
Mutation of this amino acid causes the receptor to become 
inactive.153,154 Tyrosine phosphorylation in the C-terminus 
includes Y974, Y992, Y1045, Y1068, Y1086, Y1148 and 
Y1173 (shown in orange), or SFKs can phosphorylate Y845 
and Y1101 (shown in purple). Reported biological effects of 
phosphorylation of each tyrosine are noted.155–158 b | EGFR 
has been consistently detected in the nuclei of cancer cells, 
primary tumor specimens and highly proliferative 
tissues.38–42 EGFR binds to STAT3 to increase expression of 
iNOS,47 E2F1 to increase expression of B-Myb,46 and with 
STAT5 to increase expression of Aurora A.52 It also increases 
the expression of cyclin D1.40 EGFR has kinase-dependent 
activity within the nucleus of proliferating cells, which 
includes the phosphorylation of PCNA leading to its stability 
and enhancing cell proliferation,53 and translocation and 
activation of DNA-PK.159 Abbreviations: AP-2, transcription 
factor AP-2; B-Myb, Myb-related protein B; CBL, E3 ubiquitin-
protein ligase CBL; DNA-PK, DNA-dependent protein kinase 
catalytic subunit; E2F1, transcription factor E2F1; EGFR, 
epidermal growth factor receptor; GRB2, growth factor 
receptor-bound protein 2; iNOS, inducible nitric oxide 
synthase; MAPK, mitogen-activated protein kinase; 
P, phosphorylation; PCNA, proliferating cell nuclear antigen; 
PI3K, phosphatidylinositol 3-kinase; PKC, protein kinase C; 
PLCγ, 1-phosphatidylinositol-4,5-bisphosphate 
phosphodiesterase gamma-1; SFK, Src family kinase; 
SGLT1, sodium/glucose cotransporter 1; SHP1, tyrosine-
protein phosphatase non-receptor type 6; SRC, proto-
oncogene tyrosine-protein kinase Src; STAT, signal 
transducer and activator of transcription. Permission 
obtained from NPG © Nyati, M. K. et al. Nat. Rev. Cancer 6, 
876–885 (2006).

cell-mediated cytotoxicity (Table 2).55 Cetuximab has 
exhibited promising antitumor activity in clinical trials 
as monotherapy and when used in combination with 
chemo therapy and/or radiation, particularly in the set-
tings of metastatic CRC27,56–59 and HNSCC.23,60,61 In 2004, 
the FDA approved cetuximab for use in combination 
with irinotecan for the treatment of patients with EGFR-
expressing metastatic CRC refractory to irinotecan-based 
chemotherapy. In addition, cetuximab was approved for 
use as a single-agent in patients with metastatic CRC who 
cannot tolerate irinotecan-based therapies. In 2006, the 
FDA approved the use of cetuximab in combination with 
radiation for the treatment of locoregionally advanced 
HNSCC. In addition, cetuximab was approved as a 
single- agent for the treatment of patients with recurrent 
or metastatic HNSCC for whom platinum-based therapy 
had failed.

Panitumumab (ABX-EGF, Vectibix®  [Amgen, 
Thousand Oaks, CA]) is a fully humanized immuno-
globulin G2 monoclonal antibody with high affinity for 
EGFR and a mean half-life of approximately 7.5 days in 
humans (range 3.6–10.9 days; Table 1).62 Panitumumab 
functions by blocking EGF and TGF-α binding to EGFR, 
and also leads to receptor internalization and degrada-
tion (Table 2).63 Panitumumab has exhibited promising 

antitumor activity in several clinical trials, and in 2006 
gained FDA approval for the treatment of patients with 
EGFR-expressing metastatic CRC with disease pro-
gression following chemotherapy regimens containing 
fluoro pyrimidine, oxaliplatin, and irinotecan.64–66

Tyrosine kinase inhibitors
TKIs under active clinical investigation are mostly 
derived from quinazoline, and are low molecular weight 
synthetic molecules that block the magnesium-ATP-
binding pocket of the intracellular tyrosine kinase 
domain (Table 1). Several drugs, such as gefitinib and 
erlotinib, are specific for EGFR, whereas others (lapa-
tinib [GlaxoSmithKline, Brentford, UK], vandetanib 
[AstraZeneca, London, UK], and AEE788 [Novartis, 
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often manifests within 6–12 months of therapy.31 Pao 
et al.77 reported that molecular analysis of EGFR in 
patients with acquired resistance to gefitinib or erlotinib 
contain a secon dary mutation in exon 20, which leads 
to substitution of methionine for threonine at position 
790 (T790M) in the kinase domain.77,79 T790M of EGFR 
is considered to be the ‘gatekeeper’ residue, which is an 
important determinant of inhibitor specificity in the 
ATP-binding pocket of EGFR. Substitution of this residue 
in EGFR with a bulky methionine may cause resistance by 
steric interference with binding of TKIs, including gefi-
tinib and erlotinib.77–79 However, further research on this 
mutation has shown that it may cause resistance to these 
agents by increasing the affinity for ATP.128 Since these 
reports were published, several studies have shown that 
the T790M mutation is actually present before the patient 
commences initial therapy.129 This finding suggests that 
this mutation may confer a survival advantage to the 
tumor and is probably selected for while the patient is 
receiving anti-EGFR TKI treatment.129–133 The identifica-
tion of the EGFR T790M mutation has led to pre clinical 
and clinical development of irreversible EGFR TKIs to 
effectively target this mechanism of resistance.78

An activating mutation of KRAS is present in 15–30% 
of NSCLC.134,135 Unlike the somatic mutations that arise in 
EGFR in non-smokers, KRAS mutations are highly preva-
lent in smoking-associated tumors.136,137 These mutations 
in KRAS may be a marker of primary resistance to both 
gefitinib and erlotinib.138

Mechanisms of resistance to EGFR TKIs
Several mechanisms of resistance to erlotinib and gefi-
tinib have been described in laboratory-based models 
(Figure 3).

EGFRvIII
One identified mechanism of resistance involves the 
mutant, constitutively active form of EGFR termed 
EGFRvIII, which is commonly found in glioblastoma 
multiforme (GBM). GBM is a highly malignant primary 
brain tumor that accounts for >50% of all brain cancers 
diagnosed. EGFR is amplified in 50% of all GBM cases, 
and 40% of these cases express EGFRvIII. GBM cell lines 
that express EGFRvIII are resistant to gefitinib and, there-
fore, require higher drug doses and prolonged exposure 
to decrease the activity of EGFRvIII.139 Studies analyzing 
the cell cycle in EGFR-expressing lines versus EGFRvIII 
lines revealed that DNA synthesis in EGFR cell lines 
is inhibited by gefitinib in a dose-dependent manner 
whereas it is unchanged in EGFRvIII cell lines. In addi-
tion, cells expressing EGFRvIII have higher activation of 
AKT, which is not affected by gefitinib treatment.

Role of oncogenic shift
One of the prevalent biological themes underlying intrin-
sic or acquired resistance involves ‘oncogenic shift’, which 
occurs when other membrane-bound RTK signaling 
pathways are involved in resistance. For example, HER2 
and HER3 have been linked to gefitinib resistance. Erjala 

Figure 3 | Mechanisms of resistance to EGFR TKIs. a | A mutant form of EGFR termed EGFR variant III has an in-frame deletion 
mutation that produces a truncated 150 kDa protein, which is constitutively phosphorylated in a ligand-independent 
manner.161 b | EGFR-dependent tumors that are initially sensitive to EGFR TKIs acquire a mutation at threonine 790. 
Substitution of this residue in EGFR with a bulky methionine may cause resistance by steric interference with binding of TKIs, 
including gefitinib and erlotinib.77–79 c | Tumors can become resistant when individual tumor cells undergo an oncogenic shift, 
which has been noted with several other RTKs, including MET,148 AXL and IGF-1R. d | In addition to IGF-1R as a mechanism of 
escape, downregulation of the IGF-binding proteins IGFBP3 and IGFBP4, have been implicated in resistance to TKIs. These 
proteins are crucial for regulating the levels of IGF-1R ligands, and loss leads to overactivation of the receptor.152  
e,f | Mutations in both PTEN and Ras have been implicated in impaired response to TKI therapy.134,135 g | Cells that developed 
acquired resistance to gefitinib in vivo were shown to have increased VEGF production, leading to altered angiogenesis and 
enhanced escape from cetuximab therapy.116 h | VEGFR1 has also been implicated in the contribution to resistance to EGFR 
TKIs.120 Abbreviations: AXL, tyrosine-protein kinase receptor UFO (AXL oncogene); EGFR, epidermal growth factor receptor; 
IGF-1R, insulin-like growth factor 1 receptor; IGFBP, insulin-like growth factor-binding protein; MAPK, mitogen-activated protein 
kinase; PTEN, phosphatase and tensin homolog; RTK, receptor tyrosine kinase; TKI, tyrosine kinase inhibitor, VEGF, vascular 
endothelial growth factor; VEGFR1, vascular endothelial growth factor receptor 1.
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with drug sensitivity in the original reports on EGFR mutations,1,2

whereas the exon 19 insertions were just recently reported as drug
sensitive.19 The rarity of clinical data associated with these less fre-
quent mutants has made it more difficult to determine how drug
sensitive they are in patients, but new data are emerging.20,21

CLINICAL FEATURES ASSOCIATED WITH EGFR MUTATIONS

EGFR mutations can be found in all histologic subtypes of non–small-
cell lung cancer (NSCLC), including adenocarcinoma, large-cell car-

cinoma, and squamous cell carcinoma.14 In North American/
European and East Asian countries, EGFR mutations are found in
10% and 30% of unselected NSCLCs,22,23 respectively. Clinical fea-
tures likely to be associated with EGFR mutations include adenocar-
cinoma histology, history of never smoking cigarettes (ie, fewer than
100 cigarettes in a lifetime),3,22 and East Asian ethnicity.22 Female sex
was originally thought to be correlated with EGFR mutations, but data
suggest that this association was made because more women are likely
to be never-smokers,24 not necessarily because of a true sex bias. Sixty
percent to 80% of tumors from East Asian never-smokers with lung
adenocarcinoma harbor EGFR mutations,25,26 whereas only 30% to
50% of tumors from North American/European counterparts have
such mutations.3,22 The reason for this discrepancy is unclear; as of yet,
no study has determined if US citizens of East Asian descent diagnosed
with lung cancer have the same prevalence of EGFR mutations as East
Asians themselves. Such a finding would suggest a genetic rather than
environmental cause of EGFR alterations.

Most importantly, EGFR mutations (mostly exon 19 deletions
and L858R point mutations) are associated with a clinical benefit from
gefitinib and erlotinib. In early phase III trials, these drugs were tested
in unselected patients with NSCLC and showed less than 10% radio-
graphic response rates (RRs) with short (! 3 months) progression-
free survival (PFS) rates27-29 (Table 1). After the discovery of EGFR
mutations, several prospective single-arm first-line studies enrolling
only patients with EGFR-mutant tumors reported unprecedented RRs
(73% to 91%) and prolonged PFS (7.7 to 13.3 months).33 Thereafter,
five large prospective phase III first-line trials directly compared an
EGFR TKI versus platinum doublet chemotherapy in patients with
NSCLC harboring EGFR mutations. These trials strongly confirmed
the benefit of gefitinib or erlotinib in EGFR-mutant lung cancer,
regardless of ethnic background (Table 1).4,6-9,30-32 By comparison,

Exon 18 Exon 19 Exon 20 Exon 21

Sensitive Mutations

Resistant Mutations

G719X
(3%)

VAIKEL insertion
(1%)

LREA deletion
(45%)

L858R
(40%)

L861X
(2%)

L747S T790MD761Y

Exon 20  insertion (4%)

T854A

Fig 1. Distribution of EGFR mutations in lung cancer. Schematic of the kinase
domain of epidermal growth factor receptor showing exons 18 to 21. Activating
drug-sensitive mutations are shown on the top, and tyrosine kinase inhibitor (TKI)
–resistant mutations are depicted on the bottom (red: acquired resistant muta-
tions). The most common activating mutations in EGFR are a point mutation in
exon 21, which substitutes an arginine for a leucine (L858R), and a small deletion
in exon 19 that removes four amino acids (LREA). Together, these account for
approximately 85% of the TKI-sensitive mutations observed in EGFR-mutant
tumors. Many rare mutations have also been reported.14

Table 1. Select Phase III Clinical Trials in Lung Cancer Involving EGFR TKIs

Trial Year Line
No. of

Participants Race
EGFR

Mutant (%) EGFR TKI Reference Arm

TKI v Reference

RR (%)
CR
(%)

PFS
(months)

OS
(months)

ISEL27 2005 Second to third 1,692 White, 75%;
Asian, 21%!

12.1† Gefitinib Placebo 8.0 v 1.3 NA 3.0 v 2.6 5.6 v 5.1

BR.2128 2005 Second to third 731 Asian, 12%;
other, 88%

23‡ Erlotinib Placebo 8.9 v ! 1 0.7 v 0 2.2 v 1.8 6.7 v 4.7

INTEREST29 2008 Second 1,433 White, 75%;
Asian, 21%!

14.8§ Gefitinib Docetaxel 9.1 v 7.6 NA 2.2 v 2.2 7.6 v 8.0

IPASS4,30 2009 First 1,217 East Asian, 100% 59.7! Gefitinib Platinum doublet 43.0 v 32.2 NA 5.7 v 5.8 18.8 v 17.4
IPASS

subgroup4,30 2009 First 261 East Asian, 100% 100 Gefitinib Platinum doublet 71.2 v 47.3 NA 9.5 v 6.3 21.6 v 21.9
WJTOG34056,31 2009 First 172 East Asian, 100% 100 Gefitinib Platinum doublet 62.1 v 32.2 NA 9.2 v 6.3 35.5 v 38.8
NEJ0027 2009 First 224 East Asian, 100% 100 Gefitinib Platinum doublet 73.7 v 30.7 4.4 v 0 10.8 v 5.4 30.5 v 23.6
OPTIMAL8,32 2011 First 165 East Asian, 100% 100 Erlotinib Platinum doublet 82 v 36 2 v 0 13.1 v 4.6 22.7 v 28.9
EURTAC9 2012 First 174 White, 100%

(Hispanic)
100 Erlotinib Platinum doublet 64 v 18 3 v 0 9.7 v 5.2 19.3 v 19.5

Abbreviations: CR, complete response; EGFR, epidermal growth factor receptor; EURTAC, European Tarceva Versus Chemotherapy; INTEREST, IRESSA
Non-Small-Cell Lung Cancer Trial Evaluating Response and Survival Against Taxotere; IPASS, Iressa Pan-Asia Study; ISEL, IRESSA Survival Evaluation in Lung
Cancer; NA, not applicable; OPTIMAL, Open Label, Phase III Study Comparing First Line Tarceva vs Cisplatin Plus Gemcitabine in Chinese Advanced/Metastatic
Non-Small-Cell Lung Cancer Patients With EGFR Activating Mutations; OS, overall survival; PFS, progression-free survival; RR, response rate; TKI, tyrosine kinase
inhibitor.

!Excludes people of Indian origin.
†26 positive in 215 tested samples.
‡40 positive in 177 tested samples.
§44 positive in 297 tested samples.
!261 positive in 437 tested samples.
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been shown to be clinically tolerable and potentially of some benefit
with no dose-limiting toxicity.75,77,78,81 Such a dosing regimen leads to
higher levels of drug in the cerebrospinal fluid (CSF; gefitinib 1,250 mg
once per day: serum, 3,730 nmol/L and CSF, 39.4 nmol/L; erlotinib
1,500 mg orally once per week: plasma, 11,300 nmol/L and CSF, 130
nmol/L).75,77 Whether plasma drug concentrations decrease over time
when EGFR TKIs are taken at standard doses remains unclear. In
chronic myelogenous leukemia, studies have shown that imatinib
levels can decrease the longer patients receive the drug.82

Activation of EGFR signaling pathways via other aberrant mole-
cules. Another 5% to 10% of cases of acquired resistance will display
amplification of the gene encoding MET.69,70,83,84 Overexpression of
MET activates the PI3K/AKT pathway via interaction with ERBB3,
rendering cells less solely dependent on mutant EGFR for survival.83 In
a tumor cell population, HGF may help expand pre-existing minor
populations of cells harboring MET amplification (Figs 3 and 4).85,86

Other mutant signaling proteins may also confer resistance.
Up to 5% of patients with acquired resistance examined in one
study developed new PIK3CA mutations.70 In another study of
nearly 200 tumor samples from patients with acquired resistance,
we recently found that approximately 1% of patients harbor BRAF
mutations.87 No common mutations in KRAS, NRAS, or MEK1
signaling genes were detected.87 We have also recently shown that
ERBB2 amplification may be associated with acquired resistance,
especially in patients without detected T790M mutations.88 Other
studies have suggested that CRKL or ERK amplification may be a
mediator of disease progression.89,89a

Histologic transformation. In a handful of cases, rebiopsy of
growing tumors has obtained cells that no longer display adenocarci-
noma histology. Although they still harbor a drug-sensitive EGFR

mutation, the cells display features of small-cell lung cancer70,90 or
epithelial-to-mesenchymal transition (EMT).70,91 How cells trans-
form to a different histology is not well understood. The RB and p53
pathways may have a role in the transformation to small-cell cancer,92

and the TGF! pathway may play a role in EMT.68 In preclinical
models, cells with EMT features seem to be no longer dependent on
EGFR signaling for survival, but drug sensitivity may be restored by
treatment with histone deacetylase inhibitors93 or inhibition of the
kinase AXL or the zinc finger protein Slug.91,94

Strategies to Overcome Resistance
To overcome EGFR TKI resistance, several new drugs or drug

combinations are being developed. To date, however, no agents have
been approved for either the first-line setting or patients with ac-
quired resistance.

Second- and third-generation EGFR TKIs. Second-generation
EGFR TKIs include canertinib, neratinib, afatinib, and dacomitinib
(Table 2). These irreversible ATP-competitive agents make covalent
bonds with a cysteine residue at position 797 in EGFR. They are more
potent than gefitinib and erlotinib and also affect other EGFR family
members (eg, ERBB2, ERBB4). However, they still inhibit EGFR drug-
sensitive mutations at lower concentrations of drug as compared with
the common T790M mutant and therefore eventually select for cancer
cells with EGFR T790M in preclinical models.51,98 In humans, the
concentration of drug needed to overcome T790M-mediated resis-
tance may be not achievable in the absence of significant toxicity.

Among these four drugs, afatinib has progressed the farthest in
development. In a phase III trial for TKI-naive patients with EGFR-
mutant tumors,afatinibwassuperior toplatinumdoubletchemother-
apy in terms of RR (56.1% v 22.6%; P ! .001) and PFS (11.1 v 6.9

Activation of other receptor tyrosine kinases?

(eg, ERBB2 amplification) 

FAS/NFκB activation?

Epithelial-mesenchymal transition?

(AXL, Slug activation?)

Loss or spliced variant of BIM?

Other? (eg, CRKL or ERK
amplification)

5-10% MET amplification

~5% PIK3CA mutations

~5% small-cell cancer transformation

~1% BRAF mutations

± Pharmacokinetic 
failure

~60% second-site EGFR

mutations (mostly T790M)

~30%-40%

± Exogenous factors 

eg, HGF, IL-6

±

Fig 4. Mechanisms of acquired resistance to epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors. Multiple mechanisms have been elucidated in human
samples and preclinical models. Some factors may overlap. HGF, hepatocyte growth factor; IL-6, interleukin-6.
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Recently, we demonstrated that increased AXL expres-
sion could contribute to erlotinib-resistance in both cell
lines and an animal model. Altered AXL-related signal-
ing was also observed in approximately 20% of patients
with acquired resistance to EGFR-TKI, although it re-
mains to be determined whether these patients could
benefit from AXL inhibition [9]. In EGFR-TKI resist-
ance, AXL could act as a bypass to activate downstream

signals related to cell survival and growth. Therefore,
combined treatment with EGFR and AXL inhibitors
might effectively abrogate the growth of tumor cells. A
similar phenomenon can be observed in MET-mediated
resistance, as shown in a previous report by Engelman
JA et al. [7]. Although the frequency of MET amplifica-
tion in cases of EGFR-TKI resistance was initially re-
ported to be 20% [7], this has varied by approximately
5–11% in follow-up studies [6,14,19]. Similarly, the exact
frequency of AXL-mediated resistance should be deter-
mined by further investigation.
Sequist LV et al. found that 14% of biopsy specimens

taken at the onset of resistance showed morphologies
similar to SCLC, as well as increased expression of neu-
roendocrine markers such as CD56, synaptophysin and
chromogranin. In their study, three patients treated with
conventional chemotherapeutic agents for SCLC, includ-
ing etoposide and cisplatin, responded well [6]. In an-
other study, biopsy after the onset of resistance showed
that approximately 3% of NSCLC tumors exhibited mor-
phological transformation to small cell or high grade
neuroendocrine carcinomas [14]. These findings suggest
that transformation to SCLC or neuroendocrine carcin-
oma could be a possible mechanism of resistance. Al-
though pulmonary alveolar cells have been found to
transform occasionally to a small cell morphology
when loss of p53 and Rb1 is induced [20], the bio-
logical underpinning of the SCLC transformation is
unknown. In our study, we observed increased CD56
expression in 7.7% of patients. However, because it was
not accompanied by the morphologic change and up-
regulation of other neuroendocrinemarkers, such as
synaptophysin and chromogranin, the reason for this is
not clear.
Other possible resistance mechanisms, specifically PIK3CA

mutation and conversion to wild-type EGFR were noted in
some cases, although PIK3CA mutation concomitantly oc-
curred with T790M mutation. In a previous in vitro study,
gefitinib-induced apoptosis was abrogated when PIK3CA

Figure 4 The frequency of acquired EGFR-TKI resistance in 26
patients. Secondary T790M mutation was the most common
mechanism, found in 11 patients (42.3%). Four patients had other
co-existing resistant mechanisms (MET:2, AXL:1, PI3KCA:1). Increased AXL
expression was observed in 5/26 patients (19.2%), while MET gene
amplification was noted in 3/26 patients (11.5%). One patient acquired
a mutation in the PIK3CA gene and 2 patients showed increased CD56
expression, suggesting neuroendocrine differentiation. Conversion
from L858R-mutant to wild-type EGFR-expressing cells occurred in
1 patient, and 7 patients (26.9%) did not exhibit any known
resistance mechanisms.

Figure 5 Progression-free survival (PFS) and overall survival (OS) according to the T790M mutation. PFS was significantly better in
patients with secondary T790M mutation than in those without T790M (15.8 months vs 6.6 months, p = 0.009), while OS was not statistically
different (38.9 months vs 38.9 months, p = 0.617).

Ji et al. BMC Cancer 2013, 13:606 Page 6 of 8
http://www.biomedcentral.com/1471-2407/13/606
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● Previously received treatment with a single-agent EGFR TKI
(eg, gefitinib or erlotinib). (The therapeutic contribution of
an EGFR TKI is difficult to assess if it was combined with other
targeted or chemotherapeutic agents.)

● Either or both of the following: a tumor that harbors an EGFR
mutation known to be associated with drug sensitivity (ie,
G719X, exon 19 deletion, L858R, L861Q) or objective clinical
benefit from treatment with an EGFR TKI as defined by either
documented partial or complete response (Response Evalua-
tion Criteria in Solid Tumors [RECIST] or WHO) or signifi-
cant and durable (! 6 months) clinical benefit (stable disease
as defined by RECIST or WHO) after initiation of gefitinib or
erlotinib. (Patients with only symptomatic improvement
while on EGFR TKI but no corresponding evidence of radio-
graphic stability of disease should not be routinely considered
as having acquired resistance. Recovery from toxicity of prior
therapies and/or biologically indolent, potentially slow-
growing disease may be present in a meaningful proportion
of patients.)
These criteria are based on multiple studies demonstrating that

lung tumors with specific kinase domain mutations of EGFR comprise
a distinct molecular subset of lung cancers with increased sensitivity to
gefitinib or erlotinib.10-12 Approximately 70% of patients whose tu-
mors harbor drug-sensitizing EGFR mutations respond radiographi-
cally to EGFR TKIs, compared with less than 5% of North American
patients with non–small-cell lung cancer with wild-type EGFR.1,3 The
6-month progression-free landmark was chosen based on data show-
ing that only 26 of 86 patients (30%; 95% CI, 21% to 41%) with a
drug-sensitive EGFR mutation have duration of response or stable
disease less than 6 months (Table 2). Moreover, this figure is certainly
overestimated as a result of the number of patients with EGFR muta-
tions censored for progression before 6 months (n ! 21). In addition,
by using a 6-month progression-free landmark, only 30 of 132 patients
(23%; 95% CI, 16% to 31%) without a mutation have a progression-
free period exceeding 6 months.3 Given that many patients currently
do not have their tumor EGFR mutation status determined before
starting an EGFR TKI, the clinical definition of time to progression
longer than 6 months will identify a population of patients in whom 60
of 91 patients (66%; 95% CI, 55% to 76%) have an EGFR-sensitizing

mutation and 30 of 91 patients (33%; 95% CI, 23% to 44%) whose
tumors harbor wild-type EGFR. This recommendation is also sup-
ported by recent data from the landmark IPASS (Iressa Pan-Asia
Study) in which approximately 70% of patients with EGFR mutations
had PFS exceeding 6 months, whereas only 8% without demonstrable
mutation had PFS exceeding 6 months.13 The use of a 3-month
progression-free landmark is less reliable in identifying patients whose
tumors are most likely to harbor an EGFR mutation and whose sub-
sequent progression is related to development of secondary resistance.
The false-positive rate of a 3-month cutoff jumps to 44% (95% CI,
36% to 52%), compared with a false-positive rate of only 23% (95%
CI, 16% to 31%) with the recommended 6-month landmark. Ap-
proximately 1% of patients have EGFR mutations known to be asso-
ciated with resistance or of unknown biologic behavior at present.3

Following are additional criteria for acquired resistance to EGFR TKIs:
● Systemic progression of disease (RECIST or WHO) while on

continuous treatment with gefitinib or erlotinib within the
last 30 days.

● No intervening systemic therapy between cessation of ge-
fitinib or erlotinib and initiation of new therapy.
These criteria are proposed based on data showing that patients

with EGFR-mutant tumors can display a disease flare within 3 weeks
after stopping gefitinib or erlotinib.14 It is not known why such rapid
progression occurs, but these observations suggest that continued
EGFR inhibition retards cancer growth even when these cancers dis-
play slow disease progression. On reintroduction of an EGFR TKI
after a drug holiday, tumor growth rates may slow, and tumors may
regress in size (Fig 1A). Tumors may also display a decrease in meta-
bolic activity as assessed by fluorodeoxyglucose avidity (Fig 1B). In
clinical trials, such findings could be mistaken for therapeutic benefit.
Therefore, we recommend minimizing the washout period between
EGFR TKI discontinuation and initiation of the experimental agent or
regimen. Whenever possible, this washout period should be no greater
than 2 weeks (" five half-lives for both gefitinib and erlotinib); this
criterion may not apply to patients in whom systemic toxicities attrib-
utable to EGFR TKI therapy have not adequately resolved. Patients off
EGFR TKI treatment for more than 2 weeks should not be included. In

Table 1. Criteria for Acquired Resistance to EGFR TKIs in Lung Cancer

1. Previously received treatment with a single-agent EGFR TKI (eg,
gefitinib or erlotinib)

2. Either of the following:
A. A tumor that harbors an EGFR mutation known to be associated with

drug sensitivity (ie, G719X, exon 19 deletion, L858R, L861Q)
B. Objective clinical benefit from treatment with an EGFR TKI as

defined by either:
i. Documented partial or complete response (RECIST or WHO), or
ii. Significant and durable (! 6 months) clinical benefit (stable disease

as defined by RECIST or WHO) after initiation of gefitinib or
erlotinib

3. Systemic progression of disease (RECIST or WHO) while on continuous
treatment with gefitinib or erlotinib within the last 30 days

4. No intervening systemic therapy between cessation of gefitinib or
erlotinib and initiation of new therapy

Abbreviations: EGFR, epidermal growth factor receptor; TKI, tyrosine kinase
inhibitor; RECIST, Response Evaluation Criteria in Solid Tumors.

Table 2. Proportion of Patients Progression Free Over Time by
EGFR Genotype

Patients
PFS Time and
EGFR Status No./Total No. %

PFS # 3 months
EGFR mutation positive 8/86 9
EGFR mutation negative 74/132 56

PFS "3 months
EGFR mutation positive 77/86 90
EGFR mutation negative 58/132 44

PFS # 6 months
EGFR mutation positive 26/86 30
EGFR mutation negative 102/132 77

PFS " 6 months
EGFR mutation positive 60/86 70
EGFR mutation negative 30/132 23

Abbreviations: EGFR, epidermal growth factor receptor; PFS, progression-
free survival.

Jackman et al
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squamous histology who were treated with erlotinib plus

tivantinib. Biomarker studies showed that among non-
squamous tumors 75 % were MET-positive by IHC,

compared with only 12 % of squamous tumors. Based on

these data, a randomized, double-blind, placebo controlled
phase III study [81] of tivantinib plus erlotinib vs. placebo

plus erlotinib, in patients who have received 1–2 prior lines

of chemotherapy but TKI naı̈ve, was designed. Unfortu-
nately, the trial has been discontinued since no OS benefit

has been found after an interim analysis [82].
Onartuzumab (MetMab) is a humanized monoclonal

antibody that binds to MET preventing HGF ligand binding

and blocking downstream signaling. In a phase II study
[83], patients with MET-positive tumors (IHC) who

received erlotinib plus onartuzumab had significant

reduction in the risk of death and disease progression
compared with erlotinib alone. A phase III trial in MET-

positive NSCLC patients previously treated with at least

one but no more than two prior lines of chemotherapy, but
TKI naı̈ve, is open for accrual [84].

Other therapeutic targets in overcoming resistance

Resistance to anti-EGFR therapy has been also supposed to

be secondary to increased vascular endothelial growth
factor (VEGF) expression. These two signaling pathways

are independent but are closely interlinked [85]. EGF and

TGFa both induce VEGF expression via activation of
EGFR in cell culture models. It has been postulated that

overactivation of pathways driving VEGF expression

independently of EGFR might result in resistance to EGFR

inhibitors due to the inability of these agents to down-

regulate VEGF to a non-angiogenic ‘‘point of no return’’,
because EGFR inhibition does not substantially inhibit

angiogenesis.

BELIEF, a phase II prospective trial of erlotinib and
bevacizumab in patients with advanced NSCLC and sen-

sitizing EGFR mutations with or without T790M mutations

at diagnosis, represents an ongoing trial with VEGFR and
EGFR inhibition approach [86].

Vandetanib, an inhibitor of VEGF receptor, EGFR and
RET signaling, was compared with placebo [87] in patients

with advanced NSCLC who had received no more than two

prior chemotherapy regimens and had experienced treat-
ment failure with an EGFR TKI. The trial did not dem-

onstrate any OS benefit and serious adverse events rate was

high.
The insulin-like growth factor-1 receptor (IGF-1R) is

also interconnected with EGFR pathway. Preclinical

models [88] with acquired EGFR TKIs treatment resistance
have shown up-regulation of IGF-1. Mammalian target of

rapamycin (mTOR) [89] and heat shock protein 90

(HSP90) chaperone [90] are also other targets under eval-
uation in this setting.

Alternation of reversible TKIs and combination
of chemotherapy plus TKI

Based on the premise that erlotinib is administered at
maximum tolerated dose (MTD) whereas gefitinib is

approximately given at one-third of this, there is some

evidence derived from small clinical series that erlotinib

Fig. 4 Some noteworthy EGFR TKI resistance mechanisms and potential therapeutical approaches

Clin Transl Oncol
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Posibles alternativas terapéuticas 
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Pao W et al. Nat Rev Cancer 2010 



El dilema de mantener anti-
EGFR tras progresion 

•  14/61 pacientes (23%,) con flare 
•  Medina de tiempo:  8 días  (range 3-21)  
•  Características asociadas a flare:  

–  TP corto con ITK ( 9 vs 15 mo, p=0.002)  
–  Enfermedad pleural (p=0.02)  
–  Enfermedad en SNC (p=0.01)  

•  Flare no asociado con mutación  T790M o QT previa 

Chaft JE, et al. Clin Cancer Res. 2011 



•  Estudio con 78 pacientes: 
–  44 QT y 34 QT + Erlotinib en pacientes 

con resistencia adquirida a ITK 
•  TR 18% vs 41% 
•  no diferencias en SLP (4,2 m vs. 4,4 m) ni SG 

•  Fase II: 27 pacientes con mutación 
EGFR. 
–  A la progresión con erlotinib o gefitinib se 

añade Pemetrexed. 

Goldberg SB et al. The Oncologist 2013 
Yoshimura N et al.  J Thorac Oncol  2013 

Clinicaltrials.gov 
 

•  Fase III IMPRESS: Cisplatino-Pemetrexed +/- Gefitinib tras progresión 
a gefitinib en pacientes con mutación EGFR (NCT01544179) 

•  Fase II: 120 pacientes con mutaciones EGFR y PE a TKI: Platino-
Pemetrexed +/-Erlotinib (NCT01928160) 

Experiencia clínica de mantenimiento anti-EGFR 
tras progresión 



T790M	
  

Institut Català d’Oncologia

T790MT790M
! The most common mechanism of resistance to EGFR TKIs (50-68%)
! Display surprisingly slow rates of growth (Chmielecki J Sci Transl Med 2011).

! May have a better prognosis than non-T790M mechanisms.

! The irreversible EGFR inhibitors CL387,785, EKB-569, PF299804, 
BIBW2992, and HKI-272 have all been shown to inhibit EGFR 
T790M and block the growth of NSCLC cell lines harboring T790M 
mutations.

Oxnard et al CCR 2011
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Other mechanisms of resistance
Another well-describedmechanism of acquired TKI resis-

tance relies upon increased signaling through MET, also a
transmembrane receptor tyrosine kinase (29, 47). Cou-
pling of MET to ERBB3 leads to sustained activation of
the phosphoinositide 3-kinase (PI3K)/AKT signaling path-
way, bypassing the inhibited EGFR (29). In the initial
studies, MET amplification was reported in up to 22% of
acquired resistance cases, independent of T790M status.
Two more recent studies each tested 37 patients for MET
amplification by FISH (Fig. 1). One study found high
amplification (MET to CEP7 ratio > 3) in 1 case (3%)
and lower level amplification (MET to CEP7 ratio 2–3) in 3
cases (in total, 11% amplified; ref. 20); the second study
reported 2 cases (5%) of high amplification (21).

The lower prevalence of MET amplification in these
recent studies may be due to difficulty in identifying this
genetic alteration in clinical specimens. The original studies
used several methods to assess for amplification (29, 47),
including array comparative genomic hybridization
(aCGH), quantitative real-time PCR, and FISH. FISH is
most widely available in clinical laboratories and requires
only a single paraffin section. Importantly, both MET and
EGFR are on chromosome 7, and polysomy of chromo-
some 7 is common in NSCLC, particularly in those samples
harboring EGFR mutations (48). Studies are needed to
determine how best to distinguish clinically meaningful

MET amplification and copy number gain from underlying
polysomy, both in EGFR-mutant and wild-type lung can-
cers.

The efficacy of MET inhibition in the treatment of
acquired resistance is not well described. A phase I trial
combining the MET inhibitor XL184 with erlotinib has
been presented (49), and 1 patient with EGFR-mutant lung
cancer had a confirmed partial response after progression
on erlotinib alone. Another response was reported with the
addition of ARQ197 to erlotinib for a patient who had
progressed on the erlotinib arm of the first-line erlotinib
with or without ARQ197 study (50); this patient harbored
an EGFRmutation and elevatedMET copy number. Recent
data have suggested that a monoclonal antibody targeting
MET (MetMAb), when combined with erlotinib, has activ-
ity against lung cancers with high MET protein expression
(51), but neither this agent nor this biomarker have been
assessed in cancers with acquired EGFR-TKI resistance.

A possible interaction between the EGFR/PI3K axis and
DNA repair pathways represents a therapeutic opportunity
that has not yet been pursued clinically. Cells with knock-
down of the tumor suppressor gene PTEN, with constitu-
tive PI3K activation, have been shown to have deficient
homologous DNA repair and heightened sensitivity to
PARP inhibition and cisplatin (52). Similar PI3K activation
in EGFR-mutant lung cancer could explain the greater
platinum sensitivity reported in this population compared

© 2011 American Association for Cancer Research© 2011 Am
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Figure 2. A, differential growth
kinetics of isogenic EGFR-mutant
TKI-sensitive (exon 19 deletion,
blue) and TKI-resistant (exon 19
deletion and T790M, red) cells.
Data were derived from total cell
counts of PC9 parental (sensitive)
and PC9 resistant cells over 72
hours (27). B, different treatment
scenarios for EGFR-mutant lung
cancer. Following initial treatment
with an EGFR-TKI (e.g., gefitinib or
erlotinib), EGFR-mutant tumors
may shrink dramatically (blue
cells, left). In most cases,
progression is due to acquisition
of the T790M mutation (red cells,
middle). Upon cessation of TKI
therapy, faster-growing TKI-
sensitive cells may repopulate (at
times causing a "flare"), allowing
the tumor to "re-respond" to a
second round of TKI therapy
following a drug holiday (right). If
resistant tumors are indeed a
heterogeneous mix of TKI-
sensitive and TKI-resistant cells
(middle), continuation of TKI
therapy along with chemotherapy
following progression (bottom) will
target both cell populations more
effectively than chemotherapy
alone (top).

Oxnard et al.
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Overcoming T790M: Irreversible EGFR inhibitorsOvercoming T790M: Irreversible EGFR inhibitors

HKI-272 (EGFR + Her2)
! RR 2% in TKI-resistant patients.
! Intriguing responses in G719X patients. (Sequist, JCO 2010)

XL-647 (EGFR, Her2, VEGF)
! RR 3% in TKI-resistant patients. (Pietanza, JTO 2011)

BIBW-2992 (EGFR + Her2)
! RR 7% in TKI-resistant patients, 2mo PFS advantage. (Miller, ESMO’10)

! RR 40% in Ph1 combining afatinib and cetuximab. (Janjigian, ASCO 2011)

PF-299804 (EGFR + Her2)
! RR 7% in TKI-resistant patients. (Janne, ASCO ’09)



Afa8nib	
  +	
  Cetuximab	
  

Institut Català d’Oncologia

Afatinib + CetuximabAfatinib + Cetuximab

Janjigian YY, ASCO 2011

! NSCLC patients with clinically defined 
AR (Jackman JCO 2010) received 
oral afatinib 40 mg daily with 
escalating dose cohorts of biweekly 
cetuximab at 250 and 500 mg/m2.

! 47 of 80 patients have been enrolled 
and received the predefined 
maximum dose (RP2D):
! afatinib 40 mg +
! cetuximab 500 mg/m2)

! Confirmed PRs were observed in 
18/45 evaluable patients (40%), 
including 9/26 PRs in patients with 
documented T790M mutations.
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•  Fase	
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  AZD9291	
  
•  Fase	
  I	
  CO1686	
  
•  Fase	
  II	
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CO1686	
  

Efficacy clear across dose levels in 22 centrally-
confirmed T790M+ patients

12

ORR = 64%, to date
91% disease control rate

KKKKKKKKKKKKK
KKK

K = prior TKI 

K

Durable benefit: median PFS exceeds 6mo in 
T790M+ patients

Kaplan-Meier Curves of PFS by T790M Status for 900 mg FB BID and all HBr patients

Patients with no new data censored at March 6th 2014; only patients with centrally confirmed T790M status included
14



Phase	
  I	
  study	
  of	
  olaparib/gefi8nib	
  
shows	
  high	
  ac8vity	
  and	
  good	
  
tolerance	
  in	
  EGFR	
  mutant	
  pa8ents	
  
with	
  or	
  without	
  prior	
  EGFR	
  TKI	
  
treatment	
  (Garcia-­‐Campelo	
  et	
  al.	
  ASCO	
  2014)	
  	
  

Rosell	
  et	
  al.	
  CCR	
  2011	
  



PFS	
  in	
  erlo2nib	
  treated	
  EGFR	
  mut	
  pts	
  by	
  BRCA1	
  

Low	
  BRCA1(n=27)	
  
Intermediate	
  BRCA1(n=27)	
  
High	
  BRCA1(n=27)	
  

10.0	
   27.0	
  18.0	
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  BRCA1	
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  BRCA1	
  

Intermediate	
  BRCA1	
  

Rosell	
  et	
  al.	
  CCR	
  2011	
  



Bivona	
  et	
  al.	
  Nature	
  2011	
  

Rosell	
  et	
  al.	
  CCR	
  2011	
  

BRCA1	
  is	
  required	
  for	
  acRvaRon	
  of	
  NFkB	
  and	
  
BRCA1	
  and	
  NFkB	
  cooperate	
  to	
  regulate	
  
expression	
  of	
  the	
  NFkB	
  anR-­‐apoptoRc	
  targets	
  
Bcl2	
  and	
  XIAP.	
  NFkB	
  inhibitors	
  could	
  sensiRze	
  
BRCA1	
  WT	
  tumors	
  to	
  DNA	
  damaging	
  
chemotherapy.	
  (Harte	
  et	
  al.	
  Oncogene	
  2014)	
  	
  
	
  
Zoledronic	
  acid	
  inhibits	
  NFkB	
  (Schech	
  et	
  al.	
  Mol	
  
Cancer	
  Ther.	
  2013)	
  	
  

Hypoxia	
  induces	
  downregulaRon	
  of	
  BRCA1	
  and	
  
increases	
  sensiRvity	
  to	
  cisplaRn	
  but	
  resistance	
  to	
  
paclitaxel	
  (Chan	
  et	
  al.	
  Cancer	
  Res	
  2008)	
  
	
  
Oral	
  topotecan	
  inhibits	
  HIF-­‐1α	
  (Kumar	
  et	
  al.	
  CCR	
  2011)	
  
	
  
Hypoxia-­‐HIF-­‐1α	
  induces	
  PDL-­‐1.	
  Glyceryl	
  trinitate	
  
blocks	
  HIF-­‐1α	
  (Barsoum	
  et	
  al.	
  Cancer	
  Res	
  2013)	
  	
  	
  	
  



BIM	
  

IKKα IKK β 

Rosell,	
  Bivona,	
  Karachaliou.	
  Lancet.	
  2013	
  



Kim	
  et	
  al.	
  Mol	
  Cancer	
  Ther.	
  2012	
  

• 	
  Western	
  blots	
  with	
  CO-­‐1686	
  ,	
  AZD9291	
  and	
  dacomi2nib,	
  with	
  or	
  without	
  	
  
STAT3	
  inhibitors	
  (paclitaxel	
  ,	
  niclosamide	
  or	
  AZD9139).	
  	
  
	
  
• 	
  AXL	
  inhibitors	
  (warfarin,	
  sulfazalazine	
  or	
  S	
  49076),	
  BCL-­‐XL	
  inhibitors	
  (TW37,	
  
ABT-­‐273	
  [Sellekchem]).	
  	
  

Ongoing	
  research	
  to	
  solve	
  the	
  problem	
  

STAT3	
  signaling	
  	
  is	
  not	
  inhibited	
  with	
  EGFR	
  TKI	
  monotherapy	
  	
  
The	
  problem	
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We next attempted to confirm these nucleo-
tide changes by using Sanger sequencing. To rule 
out the possibility that the mutations had oc-
curred in endogenous wild-type ALK rather than 
in EML4-ALK, we performed PCR with a forward 
primer targeted to EML4 cDNA so that only the 
fusion cDNA would be amplified (Fig. 2 in the 
Supplementary Appendix). We did not detect 
the 4230T→C change among the 256 fusion cDNA 
clones derived from the patient’s sputum speci-
mens (data not shown), indicating that it was an 
artifact of the initial PCR or the deep-sequenc-
ing step. We did, however, readily confirm both 
4374G→A and 4493C→A changes. Among 73 
EML4-ALK cDNA clones from the patient’s pleural-
effusion specimens, 34 (46.6%) were positive 
for 4374G→A and 11 (15.1%) were positive for 
4493C→A (Fig. 1). (The remaining 28 [38.4%] 
were negative for both point mutations.) These 
rates of detection are similar to those from the 
deep sequencing of ALK, indicating that wild-type 
ALK mRNA was present at a low level in lung 
tissue, as reported previously.1

The PCR analyses covered both nucleotide 
positions, yet none of the patient’s specimens 
contained both mutations, indicating that each 
mutation occurred independently. Genomic frag-
ments encompassing the 4374G and 4493C posi-
tions were also amplified by means of a PCR 

assay and were then subjected to nucleotide se-
quencing, which confirmed the presence of each 
of the two mutations in the tumor genome (Fig. 
4 in the Supplementary Appendix).

The 4374G→A and 4493C→A substitutions 
result in cysteine→tyrosine (C→Y) and leucine→ 
methionine (L→M) changes at the positions cor-
responding to amino acids 1156 and 1196, re-
spectively, of wild-type human ALK (Fig. 2 in the 
Supplementary Appendix). We examined whether 
such amino acid changes affect the sensitivity of 
EML4-ALK to ALK inhibitors.

Cells of the mouse interleukin-3–dependent 
cell line BA/F3 that were made to individually ex-
press primary EML4-ALK and secondary mutant 
EML4-ALK (with the C1156Y or L1196M muta-
tion) were exposed to ALK inhibitors. Crizotinib 
inhibited the growth of BA/F3 cells expressing 
primary EML4-ALK, in a concentration-dependent 
manner (Fig. 2A). In contrast, cells expressing 
either the C1156Y or L1196M mutant form mani-
fested a markedly reduced sensitivity to the drug. 
Cells expressing the L1196M mutant form of 
EML4-ALK were more resistant to crizotinib than 
were those expressing the C1156Y mutant form 
(Fig. 2A, and Fig. 5 in the Supplementary Ap-
pendix).

We also examined whether cells expressing 
these EML4-ALK mutants are also refractory to 
other ALK inhibitors. A 2,4-pyrimidinediamine 
derivative (PDD) has a median inhibitory con-
centration for ALK of less than 10 nM,11 and oral 
administration of PDD has been shown to eradi-
cate lung-cancer nodules in transgenic mice with 
EML4-ALK expression.4 BA/F3 cells expressing 
EML4-ALK with either the C1156Y or L1196M 
mutation were markedly less sensitive to PDD than 
were those expressing the primary EML4-ALK 
(Fig. 2A). Thus, although these mutations appear 
to develop during clinical treatment with crizo-
tinib, their generation probably renders EML4-
ALK resistant not only to crizotinib but also to 
other ALK inhibitors. In contrast to the resis-
tance profile for crizotinib, BA/F3 cells express-
ing the EML4-ALK C1156Y mutant form were 
slightly more resistant to PDD than were those 
expressing the L1196M mutant form (Fig. 2A, 
and Fig. 6 in the Supplementary Appendix), in-
dicating that the resistance profiles for the two 
mutations may be, in part, inhibitor-dependent, 
as was previously shown for BCR-ABL mutants.12

We examined tyrosine phosphorylation of 

Before Crizotinib Treatment

4374G→A

4493C→A

After Relapse

T G G

GGGG G GCC C

G C C CCA

A

T T

T T T T

T T T

Figure 1. Secondary Mutations within EML4-ALK.

Electrophoretograms are shown for EML4-ALK cDNA clones prepared from 
sputum specimens obtained from our patient before crizotinib treatment 
and from pleural-effusion specimens obtained after relapse. The 4374G→A 
and 4493C→A mutations are present in the specimens obtained after relapse.
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EML4-ALK by means of immunoblot analysis, 
using antibodies specific for ALK phosphorylated 
at the tyrosine at position 1604. The exposure of 
BA/F3 cells to crizotinib markedly inhibited the 
tyrosine phosphorylation of EML4-ALK but did 
not substantially affect that of the C1156Y and 
L1196M mutants (Fig. 2B). Exposure to PDD also 
inhibited the tyrosine phosphorylation of EML4-
ALK, in a concentration-dependent manner, with 
a lesser effect on the mutants (Fig. 2C). The re-
sults of an in vitro kinase assay were consistent 
with these findings, showing pronounced inhi-
bition of the enzymatic activity of primary 
EML4-ALK with crizotinib, whereas the effect on 
the C1156Y mutant was less pronounced and the 
effect on the L1196M mutant was much less 
pronounced (Fig. 2D).

Figure 3 shows the cysteine at position 1156 

(C1156) and the leucine at position 1196 (L1196) 
of the kinase domain of ALK.13 C1156 is posi-
tioned adjacent to the N-terminal of the pre-
dicted helix αC as well as close to the upper 
edge of the ATP-binding pocket. No activating 
mutations have been reported at this position in 
other tyrosine kinases in cancer specimens. 
L1196 of ALK corresponds to the threonine at 
position 315 in ABL and at position 790 in 
EGFR, each of which is the site of the most fre-
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Figure 2. Properties of EML4-ALK with Secondary 
 Mutations.

Panel A shows the percentage of viable BA/F3 cells 
 expressing primary EML4-ALK, EML4-ALK with the 
C1156Y mutation, or EML4-ALK with the L1196M mu-
tation, after 5×105 cells were incubated for 48 hours 
with the indicated concentration of crizotinib (left) or 
2,4-pyrimidinediamine derivative (PDD) (right). Data 
are expressed as the mean value, from three separate 
experiments, for the percentage of cells expressing 
 primary EML4-ALK after incubation in the vehicle 
 (dimethyl sulfoxide) only. The I bars indicate standard 
 deviations. Because primary EML4-ALK, EML4-ALK 
with the C1156Y mutation, and EML4-ALK with the 
L1196M mutation each abrogate the interleukin-3 
 dependence of BA/F3 cells, the assays were performed 
in the absence of the interleukin. Panels B and C show 
the effect of ALK inhibitors on EML4-ALK and its sec-
ondary mutant forms, tagged with the Flag epitope, in 
BA/F3 cells. Panel B shows the results of exposure to 
various concentrations of crizotinib for 15 hours, after 
which EML4-ALK was immunoprecipitated from cell 
 lysates with antibodies against the Flag epitope and 
the immunoprecipitate was subjected to immunoblot 
analysis with the use of antibodies specific for ALK 
phosphorylated at the tyrosine at position 1604 (Phospho-
ALK) or for the Flag epitope. Cells expressing an in-
active mutant form of EML4-ALK were examined as a 
negative control. Panel C shows the results of a similar 
experiment, involving PDD instead of crizotinib. Panel 
D shows the results of an in vitro kinase assay for Flag-
tagged EML4-ALK or its secondary mutants immuno-
precipitated from BA/F3 cells with antibodies against 
the Flag epitope. The immunoprecipitates were incu-
bated with [γ-32P]ATP, a synthetic peptide, and various 
concentrations of crizotinib (top). Separate immunopre-
cipitate samples were subjected to immunoblot analysis 
with antibodies against the Flag epitope (bottom).
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tance in ROS1-rearranged cancers will be essen-
tial to the rapid development of more durable 
treatments for these patients.

A woman with metastatic lung adenocarci-
noma harboring a ROS1 rearrangement initially 
showed a response to treatment with crizotinib, 
but the disease ultimately progressed. In her re-
sistant tumors, we identified an acquired mutation 
affecting the ROS1 kinase domain that confers 
resistance to crizotinib.

C A SE R EPORT

A 48-year-old woman with a distant history of 
light smoking presented with progressive dyspnea. 
Cytologic analysis of a malignant pleural effusion 
in the right lung was performed (Fig. 1A), and a 
diagnosis of metastatic lung adenocarcinoma was 
made. Genetic studies of the patient’s cancer cells 
revealed no mutations in KRAS or EGFR and no ALK
translocation (not shown). She was started on first-
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Figure 1. The CD74–ROS1 Translocation in the Patient’s Lung Cancer before Treatment with Crizotinib.

In Panel A, a cell block prepared from a malignant pleural effusion shows clusters of tumor cells in a micropapillary 
pattern (hematoxylin and eosin). In Panel B, a break-apart fluorescence in situ hybridization (FISH) assay11 with a 
5′ ROS1 probe (green) and a 3′ ROS1 probe (red) shows the ROS1 rearrangement, as indicated by the presence of 
single isolated red 3′ ROS1 probes (arrowheads). The normal ROS1 locus is shown as unsplit red and green pairs of 
probes (arrows). The nuclei are stained with 4′,6-diamidino-2-phenylindole. In Panel C, Sanger sequencing of the 
product of reverse-transcriptase–polymerase chain reaction shows the fusion of CD74 exon 6 (red) to either ROS1 
exon 34 (light blue) or exon 35 (dark blue). The predicted plasma-membrane orientations for each splice form are 
shown at right. The N-terminal (N) of CD74 is intracellular and contains a transmembrane (TM) domain. Only the 
major splice form (CD74 fused to ROS1 exon 34), which contains a second transmembrane domain, is expected to 
be pathogenic, as a result of the placement of the tyrosine kinase domain of the ROS1 C-terminal (C) in the intra-
cellular compartment.
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treatments for these patients.

A woman with metastatic lung adenocarci-
noma harboring a ROS1 rearrangement initially 
showed a response to treatment with crizotinib, 
but the disease ultimately progressed. In her re-
sistant tumors, we identified an acquired mutation 
affecting the ROS1 kinase domain that confers 
resistance to crizotinib.
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A 48-year-old woman with a distant history of 
light smoking presented with progressive dyspnea. 
Cytologic analysis of a malignant pleural effusion 
in the right lung was performed (Fig. 1A), and a 
diagnosis of metastatic lung adenocarcinoma was 
made. Genetic studies of the patient’s cancer cells 
revealed no mutations in KRAS or EGFR and no ALK
translocation (not shown). She was started on first-
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Figure 1. The CD74–ROS1 Translocation in the Patient’s Lung Cancer before Treatment with Crizotinib.

In Panel A, a cell block prepared from a malignant pleural effusion shows clusters of tumor cells in a micropapillary 
pattern (hematoxylin and eosin). In Panel B, a break-apart fluorescence in situ hybridization (FISH) assay11 with a 
5′ ROS1 probe (green) and a 3′ ROS1 probe (red) shows the ROS1 rearrangement, as indicated by the presence of 
single isolated red 3′ ROS1 probes (arrowheads). The normal ROS1 locus is shown as unsplit red and green pairs of 
probes (arrows). The nuclei are stained with 4′,6-diamidino-2-phenylindole. In Panel C, Sanger sequencing of the 
product of reverse-transcriptase–polymerase chain reaction shows the fusion of CD74 exon 6 (red) to either ROS1 
exon 34 (light blue) or exon 35 (dark blue). The predicted plasma-membrane orientations for each splice form are 
shown at right. The N-terminal (N) of CD74 is intracellular and contains a transmembrane (TM) domain. Only the 
major splice form (CD74 fused to ROS1 exon 34), which contains a second transmembrane domain, is expected to 
be pathogenic, as a result of the placement of the tyrosine kinase domain of the ROS1 C-terminal (C) in the intra-
cellular compartment.
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line chemotherapy with carboplatin and peme-
trexed, but her condition deteriorated, as indicated 
by worsening discomfort in the right side of her 
chest, increased fluid output from a right pleural 
catheter (up to 1 liter per day), and progressive 
fatigue, weight loss, intermittent fevers, hypox-
emia, and hypercalcemia. After three cycles of 
chemotherapy, repeat imaging of the chest con-
firmed marked progression of cancer throughout 
the right lung and pleura.

Additional molecular testing was performed. 
A ROS1 rearrangement within tumor cells was 
revealed on fluorescence in situ hybridization 
(FISH) (Fig. 1B). Reverse-transcriptase–polymerase-
chain-reaction (RT-PCR) assays that were per-
formed on total RNA extracted from tumor cells 
showed that this rearrangement leads to expres-
sion of a fusion transcript joining exon 6 of CD74 
to either exon 34 (a major splice form) or exon 35 

(a minor splice form) of ROS1 (Fig. 1C). Since 
CD74 is a type II integral membrane protein with 
a cytoplasmic N-terminal,19 we would expect that 
only the major splice variant that contains an ad-
ditional transmembrane domain (encoded by ROS1 
exon 34) would be oncogenic because of the po-
sitioning of the ROS1 tyrosine kinase domain in 
the intracellular compartment (Fig. 1C).

The patient was enrolled in a clinical trial 
investigating the safety and efficacy of crizotinib 
in cancers with ROS1 translocations (ClinicalTrials
.gov number, NCT00585195). She began taking 
250 mg of crizotinib twice daily, and within a week 
she noted a substantial reduction in her dyspnea 
and fatigue and a substantial increase in appetite. 
As compared with a computed tomographic (CT) 
scan obtained before she began treatment with 
crizotinib, a repeat CT scan of the chest obtained 
after 2 months of treatment with crizotinib re-

C Detection of the G2032R ROS1 Mutation in Autopsy Specimens
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Figure 2. Identification of an Acquired ROS1 G2032R Mutation at the Time of Resistance to Crizotinib.

Axial CT scans of the chest (Panel A) show the patient’s disease burden before treatment, after a response to crizotinib, and at the time 
of crizotinib resistance. Sanger sequencing of RT-PCR products (Panel B) before and after treatment with crizotinib shows the acquired 
c.6094G→A mutation, which encodes for p.Gly2032Arg. (These coding and amino acid sequences are numbered in accordance with Na-
tional Center for Biotechnology Information [NCBI] reference sequences CCDS5116 and NP_002935.2, respectively.) In all six malignant 
sites examined at autopsy (Panel C), the c.6094G→A ROS1 mutation was detected by means of Sanger sequencing of RT-PCR products. 
Genomic DNA sequencing of ROS1 exon 38 in the patient’s grossly and microscopically normal liver tissue shows the nonmutated 
ROS1 sequence; the CD74–ROS1 fusion transcript could not be detected on RT-PCR in the normal liver. In the summary of autopsy find-
ings at right, the presence of the G2032R mutation is indicated by a plus sign, and the absence of the G2032R mutation by a minus sign.
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ther nonmutated or G2032R CD74–ROS1. The 
transfected cells were subsequently treated with 
increasing doses of tyrosine kinase inhibitors. 
Although crizotinib and TAE68414 (Fig. 3B) in-
hibited the phosphorylation of nonmutant CD74–
ROS1 in a dose-dependent manner, with IC50 
(half-maximal inhibitory concentration) values of 
approximately 30 nM and 50 nM, respectively 
(Fig. S3 in the Supplementary Appendix), they were 

ineffective against the G2032R mutant, for which 
IC50 values for both compounds were greater than 
1000 nM. We did not observe activity of the selec-
tive ALK inhibitor CH542480215 against either 
the nonmutant or mutant forms of CD74–ROS1 
(Fig. S4 in the Supplementary Appendix). 

In vitro enzymatic assays also showed that the 
crizotinib concentration needed to achieve 50% 
enzyme inhibition (Ki

app) was increased by a fac-

C ROS1 In Vitro Kinase Assay D Proposed Structural Basis for G2032R-Mediated Resistance to Crizotinib
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Figure 3. Mutation of Highly Conserved Glycine at Residue 2032 to Arginine and Resistance to Crizotinib through Steric Interference 
with Drug Binding.

In Panel A, the alignments of amino acid sequences show that G2032 (red asterisk) is highly conserved among all 13 ROS1 paralogs 
and among many other clinically important tyrosine and serine–threonine kinases. Identical residues are highlighted in black, and con-
served substitutions are highlighted in gray. Panel B shows the results of the transient transfection of 293T cells with expression plas-
mids containing either nonmutated CD74–ROS1 or G2032R CD74–ROS1. The transfected cells were treated with increasing concentra-
tions of crizotinib (top) or TAE684 (bottom) for 6 hours. Lysates were prepared and Western blot analyses were performed with the use 
of the indicated antibodies. The 293T cells were also transfected with a plasmid-expressing green fluorescence protein as a negative 
control. GAPDH denotes glyceraldehyde-3-phosphate-dehydrogenase. In Panel C, in vitro enzymatic assays show a marked decrease in 
the ability of crizotinib to inhibit kinase activity for the G2032R ROS1 mutant as compared with the nonmutant. Vi and Vo are the initial 
reaction rates in the presence and absence of crizotinib, respectively. Panel D shows the crystal structure of crizotinib bound to the 
nonmutant ROS1 kinase domain (at left) and a model of the G2032R mutant (at right), in which there is a predicted steric clash with 
crizotinib. In this atom-coloring scheme, ROS1 carbon is green, crizotinib carbon purple, oxygen red, nitrogen blue, chlorine gold, and 
fluorine brown. For emphasis, residue 2032 is shown in a space-filling representation. The red asterisks indicate the L2026 gatekeeper 
residue of ROS1.
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curacy of the data and analyses reported and for 
the fidelity of the study to the protocol.

STUDY DESIGN
The primary objective was to determine the MTD of 
ceritinib in adult patients with tumors harboring 
a genetic alteration in ALK. Key secondary objec-
tives were to characterize the safety and side-
effect profile, pharmacokinetic profile, and anti-
tumor activity of ceritinib. The study included a 
dose-escalation phase, followed by an expansion 
phase in which all the patients received treat-
ment at the maximum dose established in the dose-
escalation phase. In the dose-escalation phase, 
treatment included a single ceritinib dose, followed 
by a 3-day pharmacokinetic evaluation period, and 
subsequent daily oral dosing for the remainder 
of the cycle. Daily dosing of ceritinib was contin-
ued in 21-day cycles. The starting dose was 50 mg 
daily, on the basis of preclinical safety data.

Dose escalation was guided by means of a 
two-parameter Bayesian logistic-regression model 
with the use of the principle of escalation with 
overdose control.24,25 For the expansion phase, 
patients with ALK-rearranged NSCLC (regardless 
of whether the patient had received an ALK in-
hibitor previously) and patients with other ALK-
activated tumors were enrolled and received 
treatment with the MTD of ceritinib that had 
been established in the dose-escalation phase. 
Patients continued treatment with ceritinib until 
the disease progressed, an unacceptable level of 
toxic events developed, or the patient withdrew 
consent. Treatment after disease progression 
was not permitted, unless the sole site of pro-
gression was the central nervous system.

STUDY ASSESSMENTS
Adverse events were graded according to the Com-
mon Terminology Criteria for Adverse Events, ver-
sion 4.0 (http://evs.nci.nih.gov/ftp1/CTCAE/CTCAE 
_4.03_2010-06-14_QuickReference_8.5x11.pdf ). 
Blood samples for pharmacokinetic assessments 
were obtained in both the dose-escalation and 
expansion phases of the study.

All the patients underwent tumor imaging at 
baseline, including computed tomography of the 
chest and abdomen, as well as brain imaging. 
Restaging scans were obtained at 6-week inter-

vals during treatment and were assessed by 
investigators according to the Response Eval-
uation Criteria in Solid Tumors, version 1.0 

Table 1. Characteristics of the Patients at Baseline.

Characteristic
All Patients

(N = 130)

Age — yr

Median 53

Range 22–80

Female sex — no. (%) 78 (60)

Race — no. (%)*

White 97 (75)

Asian 29 (22)

Other 4 (3)

Smoking status — no. (%)

Never smoked 81 (62)

Former smoker 44 (34)

Current smoker 5 (4)

ECOG performance status score — no. (%)†

0 25 (19)

1 89 (68)

2 15 (12)

3 1 (1)

Tumor type — no. (%)

Non–small-cell lung cancer 122 (94)

Breast cancer 4 (3)

Alveolar rhabdomyosarcoma 1 (1)

Inflammatory myofibroblastic tumor 1 (1)

Anaplastic large-cell lymphoma 1 (1)

Rectal adenocarcinoma 1 (1)

Select sites of metastases — no. (%)

Lung 101 (78)

Thoracic lymph nodes 73 (56)

Brain 64 (49)

Liver 51 (39)

Bone 49 (38)

Meninges 1 (1)

Prior crizotinib therapy for non–small-cell lung 
cancer — no./total no. (%)

Yes 83/122 (68)

No 39/122 (32)

* Race was determined by the investigator.
† Eastern Cooperative Oncology Group (ECOG) performance status scores range 

from 0 to 5, with 0 indicating that the patient is fully active and higher numbers 
indicating greater disability. One patient with an ECOG performance status score 
of 3 was enrolled with an eligibility waiver because the score had changed from 
2 to 3 during screening, after the patient had provided consent for the study.
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NSCLC who received 750 mg daily, 46 had a con-
firmed partial response, for an overall response 
rate of 59% (95% CI, 47 to 70).

The majority of patients with NSCLC who 
were treated with ceritinib had received crizotinib 

previously (83 of 122 patients [68%]) (Table 1). 
Among patients previously treated with crizo-
tinib, the overall response rate was 56% (95% CI, 
45 to 67) among those who received ceritinib at 
a dose of 400 mg or more daily (45 of 80 pa-
tients) and 56% (95% CI, 41 to 70) among those 
treated with ceritinib at a dose of 750 mg daily 
(28 of 50 patients) (Table S5 in the Supplemen-
tary Appendix). Some responses were rapid and 
dramatic (Fig. 1B). In addition, responses were 
seen in untreated lesions in the central nervous 
system in patients who had received crizotinib 
previously (Fig. S2 in the Supplementary Appen-
dix). Similar tumor responses were observed in 
the group of patients who had not received 
crizotinib previously. Among the 34 patients 
who had not received crizotinib previously and 
who were treated with at least 400 mg of ceri-
tinib daily, 21 had a partial response, for an 
overall response rate of 62% (95% CI, 44 to 78).

Among the eight patients with advanced can-
cers other than NSCLC, two had a response to 
ceritinib: one patient with anaplastic large-cell 
lymphoma, and one with inflammatory myo-
fibro blastic tumor. The remaining six patients, 
including four with advanced breast cancer and 
increased ALK copy number, did not have a re-
sponse to ceritinib (Table S6 in the Supplemen-
tary Appendix).

Duration of Response and Progression-free Survival
Among the 66 patients with NSCLC who had a 
response and who had been treated with at least 
400 mg of ceritinib daily, 64% (95% CI, 50 to 74) 
had a duration of response of 6 months or  longer. 
The median duration of response was 8.2 months 
(95% CI, 6.9 to 11.4); however, data for 47% of the 
patients with a response (31 of 66 patients) were 
censored at the time of data cutoff. Among 114 pa-
tients with NSCLC who received at least 400 mg of 
ceritinib daily, the median follow-up was 9.5 months 
(range, 0.3 to 24.4), and the median progression-
free survival was 7.0 months (95% CI, 5.6 to 9.5), 
with data for 43 patients (38%) censored.

In the subgroup of 80 patients with NSCLC 
who had previously received crizotinib, the me-
dian progression-free survival was similar, at 6.9 
months (95% CI, 5.3 to 8.8) (Fig. 2). In the sub-
group of 34 patients with NSCLC who had not 
received crizotinib previously, the median pro-
gression-free survival was 10.4 months (95% CI, 
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Figure 1. Response to Ceritinib in ALK-Rearranged Non–Small-Cell Lung 
Cancer (NSCLC).

Panel A shows the change in tumor size after patients received ceritinib at 
doses of 400 to 750 mg per day. The bars indicate the largest percentage 
change in target lesions from baseline. The dashed line indicates a 30% re-
duction from baseline. Dots below individual bars indicate patients with 
disease progression or death at the time of data cutoff. Panel B shows posi-
tron-emission tomographic scans taken at baseline (left) and after 3.5 
weeks of ceritinib treatment (right) in a patient with crizotinib-resistant dis-
ease. Subsequent computed tomographic scans after 6 weeks of ceritinib 
treatment showed a 52% reduction in tumor burden in this patient.
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tor can effectively treat the majority of patients 
in whom resistance to crizotinib develops.

Several distinct mechanisms of resistance to 
crizotinib have been described, including ALK 
gene amplification and a variety of secondary 
resistance mutations in the ALK tyrosine kinase 
domain.12,13,19 In the absence of ALK alterations, 
cell growth and survival in preclinical models 
are often driven by alternative signaling path-
ways, and resistant cells are presumed to be re-
sistant to ALK inhibition. In this study, marked 
antitumor activity was observed in patients 
treated with ceritinib, with responses occurring 
in the majority of patients who had been treated 

with crizotinib, including those without an ALK 
mutation or amplification. These findings sug-
gest that the large majority of crizotinib-resistant 
tumors may remain ALK-dependent and that an 
important factor contributing to crizotinib resis-
tance may be subtherapeutic inhibition of the 
target, which may be overcome by more potent 
and structurally distinct ALK inhibitors such as 
ceritinib. Alternatively, ceritinib may inhibit an 
unknown kinase that has not yet been found to 
play a role in the biology of these tumors.

Overall, the safety profile of ceritinib was 
similar but not identical to that of crizotinib. 
Gastrointestinal adverse events have been seen 
frequently with both drugs. However, drug- 
related diarrhea of grade 3 or 4 was reported in 
9 of 130 patients (7%) treated with ceritinib, as 
compared with 0 of 321 patients treated with 
crizotinib.9,11 Similarly, ceritinib had a higher 
incidence of grade 3 or 4 nausea than crizotinib 
(5% vs. 1%).9,11 Like crizotinib, ceritinib was as-
sociated with liver-function abnormalities, most 
commonly an elevated level of alanine amino-
transferase (in 21% of patients). These abnor-
malities were not associated with an elevated 
bilirubin level and resolved with temporary dis-
continuation of the study drug.

Among patients with ALK-rearranged NSCLC 
for whom crizotinib is no longer effective, more 
potent inhibition of the target by a structurally 
distinct ALK kinase inhibitor such as ceritinib 
can induce substantial and durable responses in 
the majority of cases. Confirmatory trials of the 
clinical activity of ceritinib in NSCLC are needed, 
involving patients who have received prior crizo-
tinib treatment and those who have not.
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A total of 19 patients with crizotinib-resistant, ALK-rearranged non–small-cell 
lung cancer underwent biopsy at one study site before the initiation of ceri-
tinib. Shown here is the largest percentage decrease in target lesions in these 
19 patients. All the tumors were positive for ALK rearrangement, on the basis 
of the standard fluorescence in situ hybridization (FISH) assay with the use of 
break-apart probes. ALK genotypes are shown above the bars. Amp denotes 
amplification of the ALK fusion gene as determined by means of FISH, and 
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4.6 to could not be estimated), with data for 18 
patients (53%) censored and a median follow-up 
of 9.5 months (Fig. 2). Among 64 patients with 
central nervous system metastases at baseline, 
the median progression-free survival (with a 
daily ceritinib dose of ≥400 mg) was similar to 
that among 50 patients without central nervous 
system metastases (6.9 and 7.0 months, respec-
tively; P = 0.37 by the log-rank test).

The durations of treatment are shown in Fig. S3 
in the Supplementary Appendix. At the time of 
data cutoff, the overall survival data were imma-
ture, with data for 72% of the patients having been 
censored. The overall survival rate at 12 months 
was 65%, and the median overall survival had not 
been reached.

MOLECULAR DETERMINANTS OF RESPONSE
A total of 19 patients with NSCLC who had had 
disease progression during crizotinib treatment 
underwent repeat tumor biopsy at one institution 
before study treatment. All the samples were 
positive for ALK rearrangement according to 
FISH; 2 of the 19 samples showed ALK gene am-
plification, and 5 were found to harbor second-
ary resistance mutations in the ALK tyrosine ki-
nase domain. In the remaining 12 cases, no 
genetic alteration of ALK other than the original 
rearrangement was identified.

Tumor responses in this subgroup of patients 
classified according to molecular status are 
summarized in Figure 3. Tumor regression was 
observed in all the patients, regardless of mo-
lecular status. Confirmed responses were seen 
in 6 of 7 patients with ALK gene amplification or 
mutation and in 7 of 12 patients without ALK 
alteration. These findings suggest that the activ-
ity of ceritinib in patients whose tumors had 
progressed during crizotinib treatment may be 
independent of the underlying mechanism of 
acquired resistance.

DISCUSSION

Ceritinib showed clinical activity in patients with 
advanced, ALK-rearranged NSCLC. Ceritinib at a 
dose of 400 mg or more daily was similarly effec-
tive in patients who had received prior crizotinib 
treatment and in those who had not received 
crizotinib previously. Adverse events were pri-
marily gastrointestinal and were of grade 1 or 2. 

Approximately half the patients required some 
dose modification.

In NSCLC, the benefit of targeted therapies in 
subgroups classified according to molecular 
status has been limited by the development of 
drug resistance. In the case of EGFR-mutated 
NSCLC, irreversible pan-ERBB inhibitors have 
been developed to overcome resistance. Despite 
promising activity in resistant models in pre-
clinical studies, the response rates reported with 
these agents among patients who have had a 
relapse during treatment with first-generation 
EGFR inhibitors are less than 10%.26-28 In con-
trast, ceritinib was active in the majority of pa-
tients with ALK-rearranged NSCLC who received 
crizotinib previously. Among these patients, the 
overall response rate and median progression-
free survival observed with ceritinib were similar 
to those seen after initial crizotinib treatment. 
This suggests that in patients with ALK-rearranged 
NSCLC, a more potent and specific ALK inhibi-
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Shown are Kaplan–Meier estimates of progression-free survival among patients 
with advanced, ALK-rearranged non–small-cell lung cancer (NSCLC) who re-
ceived ceritinib at doses of 400 to 750 mg daily. In these 114 patients, the 
median progression-free survival was 7.0 months (blue). In the subgroup of 
80 patients who had received crizotinib previously, the median progression-
free survival was 6.9 months (orange). In the subgroup of 34 patients who 
had not received crizotinib previously, the median progression-free survival 
was not reached (green). Vertical lines on the survival curves indicate cen-
soring of data.
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Conclusiones	
  

•  Los	
   tratamientos	
   dirigidos	
   sobre	
   mutaciones	
   conductoras	
   comportan	
   la	
   aparición	
   de	
  
resistencias	
  mediadas	
  por	
  diferentes	
  mecanismos	
  (mutaciones	
  adicionales,	
  vías	
  de	
  escape)	
  

•  La	
   heterogeneidad	
   caracterís8ca	
   de	
   la	
   transformación	
   maligna	
   puede	
   ser	
   relevante	
   en	
   la	
  
progresión	
  clínica	
  

•  La	
  inclusión	
  de	
  pacientes	
  en	
  EC	
  debería	
  ser	
  prioritaria	
  

•  La	
  con8nuación	
  del	
  tratamiento	
  con	
  ITKs	
  es	
  objeto	
  de	
  inves8gación	
  clínica	
  

•  La	
   posibilidad	
   de	
   combinaciones	
   con	
   quimioterapia	
   citotóxica	
   u	
   otros	
   fármacos	
   biológicos	
  
son	
  alterna8vas	
  en	
  la	
  prác8ca	
  clínica	
  y	
  en	
  la	
  inves8gacion	
  clínica	
  

•  La	
   posibilidad	
   de	
   adición	
   de	
   tratamientos	
   locales	
   y	
   mantenimiento	
   del	
   tratamiento	
   basal	
  
puede	
  ser	
  considerada	
  en	
  determinadas	
  circunstancias	
  clínicas	
  

•  El	
  Ceri8nib	
  ha	
  sido	
  recientemente	
  aprobado	
  por	
  la	
  FDA	
  para	
  el	
  tratamiento	
  de	
  pacientes	
  con	
  
translocacion	
  de	
  ALK	
  que	
  progresan	
  a	
  Crizo8nib	
  




