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Introduction

In the last few decades several advances have been made 
in translational research, thanks to the discovery of key-
oncogene alterations, responsible for cancer cell proliferation 
and survival, and the subsequent advent of targeted drugs 
capable to inactivate them. This knowledge led to a 
gradual shift of lung cancer subtyping from a histological 

to a molecular basis. In fact, even if the histological 
subtype is considered in the choice between the different 
chemotherapies, the tumor molecular profile is crucial in 
order to personalize new targeted treatments. This was 
first demonstrated in 2004, with the discovery of sensitive 
epidermal growth factor receptor (EGFR) mutations and 
subsequent correlation with clinical responses to EGFR 
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tyrosine-kinase-inhibitors (TKIs) (1,2), leading to the 
subsequent approval of gefitinib, erlotinib, and recently 
afatinib, as first line treatment in this subset of NSCLC 
patients (3). The discovery of the EML4-ALK fusion gene 
in a subgroup of patients with NSCLC (4), was followed by 
the development of a new class of agents, the ALK inhibitors, 
which dramatically improved the clinical outcome of those 
patients. This review will briefly discuss the biology of 
EML4-ALK gene and the clinical development of crizotinib 
in NSCLC, focusing on emerging mechanisms of acquired 
resistance and new treatment strategies to overcome it. 

ALK-translocation in NSCLC

EML4-ALK chromosome rearrangement

Transforming rearrangement of the ALK  gene was 
first reported in anaplastic large-cell lymphoma in 
1994 (5), while in 2007 Soda et al. identified the ALK 
gene-rearrangement with EML4 in NSCLC (4). This 
rearrangement led to a fusion between the N-terminal 
portion of the EML4 protein with the intracellular region 
of the ALK receptor, resulting in a constitutive, ligand-
independent activation of the tyrosine-kinase-domain of 
the rearranged ALK-receptor and downstream signaling 
pathways, such as Ras/MAPK, PI3K/Akt, and JACK/
STAT3 pathways, responsible for both, tumor cell 
proliferation and survival (6). EML4-ALK fusion gene is 
a potent oncogenic driver, reported in about 3-7% of all 
NSCLC patients (7). Other fusion partners for ALK have 
been discovered in NSCLC, (such as TFG and KIF5B)  
(8-10), and multiple EML4-ALK variants have been 
identified, (such as E13;A20, and E6a/b;A20) (11), but their 
clinical significance still remains unknown. In vitro studies 
show some differences in sensitivity among the different 
variants to ALK-inhibition (12), but no correlation has been 
yet observed in this clinical setting. ALK rearrangement is a 
relatively rare event in the unselected NSCLC population. 
Data obtained by different studies show that it occurs more 
frequently in adenocarcinomas, in light or never smokers, 
and younger patients, but was also found, at a much 
lower rate, in squamous or adeno-squamous carcinomas 
and in smokers (7,13). ALK rearrangements are not fully 
mutually exclusive with EGFR or KRAS mutations; several 
simultaneously occurring EGFR and KRAS mutations 
in ALK-positive patients have been recently reported 
(14,15). ALK-positive tumors seem to be associated with 
a worse survival and an increased risk of brain and liver  

metastases (16), but an improved prognosis is observed in 
the context of treatment with ALK inhibitors (17). Several 
studies showed a lack of response to EGFR-TKIs (7,13,18). 
Finally, ALK rearrangements define a new molecular 
subtype of NSCLC that is exquisitely sensitive to a new 
class of tailored agents, the ALK inhibitors.

ALK-rearrangement detection

Several techniques are currently under investigation in order to 
detect ALK-rearrangements in NSCLC, such as fluorescence 
in situ hybridization (FISH), immunohistochemistry 
(IHC), and reverse transcriptase PCR (RT-PCR), each 
showing advantages and limitations. Currently, FISH using  
break-apart probes is considered the gold standard, 
approved by the Food and Drug Administration (FDA) 
to identify ALK-rearranged NSCLC. It was tested and 
validated in clinical trials that have led to the approval of 
crizotinib, an ALK TKI, and it is used to screen patients 
to enter the ongoing trials with second-generation ALK 
inhibitors. According to the definition of this test, ALK-
FISH is considered positive if a split in more than 15% 
tumor cells occurs and counting at least 60 cells (19). 
Despite many positive features, the ALK FISH test has 
also several disadvantages. It requires laboratories with 
an experienced operator, and it results expensive. IHC is 
an easier and cheaper method, generally available in local 
laboratories, based on the use of ALK-specific monoclonal 
antibody. Several studies showed a strong correlation 
between ALK-rearrangement positivity, as detected by 
FISH, and ALK protein overexpression, as detected by IHC 
(20-26). These findings suggest that IHC could be used for 
screening of ALK rearrangements prior to FISH, leading to 
the development of new diagnostic algorithms, which need 
to be validated in large scale concordance studies. Finally 
RT-PCR is the most sensitive method of detecting not 
only ALK rearrangements, but also of characterizing their 
variant types, and the abundance of EML4-ALK positive 
cells in NSCLC tumor tissues (27). It also has the advantage 
of requiring limited amount of material for analysis and 
is relatively easy to perform, but the development of this 
method as a diagnostic tool has several limitations (28). 
The optimal diagnostic strategy for ALK rearrangement 
remains to date a matter of debate, but FISH may be still 
considered the gold standard to consider the patient to 
crizotinib or other ALK inhibitors. A properly validated 
immunohistochemical method could be considered as a 
screening test (Figure 1).
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Clinical development of crizotinib

Clinical efficacy

Crizotinib is an oral, selective, ATP-competitive, small 
molecule, originally developed as c-MET inhibitor, approved 
for the treatment of ALK+, pre-treated NSCLC patients (3).  
In pre-clinical studies, it showed a great activity against 
c-MET-positive and ALK-positive cell lines (29), on the 
basis of which, a first in human, phase I, dose-escalation 
trial, evaluated crizotinib as an oral single agent in 37 
patients with advanced solid tumors, identifying 250 mg  
twice daily as the recommended dose (30). There were two 
patients with NSCLC harboring EML4-ALK rearrangement 
treated with crizotinib who showed dramatic improvement 
in their symptoms during the dose escalation phase. 
That observation led to a large prospective screening of 
NSCLC patients and recruitment of those with ALK-
positive NSCLC into an expanded molecular cohort at 
the maximum tolerated dose (MTD) of 250 mg twice 
daily (31). The updated results, reported by Camidge  
et al., including 149 previously treated and untreated, ALK+ 
NSCLC patients, showed three complete response (CR) and 
84 partial response (PR), for an overall response rate (ORR) 
of 61% with a median duration of response of 49.1 weeks, 
and a median PFS of 9.7 months (95% CI, 7.7-12.8) (32). 
At the time of presentation, overall survival (OS) data were 
not mature. Noteworthy, 39 patients continued to receive 
crizotinib for more than 2 weeks after progression due to 
a perceived clinical benefit from the physician. The phase 
II trial (PROFILE1005) confirmed these striking results 
on 261 ALK+ pre-treated NSCLC patients. The ORR was 
59.8%, with a median duration of response of 45.6 weeks,  
and a median PFS of 8.1 months (95% CI, 6.8-9.7) (33).  

On the basis of these impressive results, the FDA approved 
the use of crizotinib in October 2011, for the treatment of 
ALK+ advanced NSCLC. Two phase III trials have compared 
crizotinib to chemotherapy in a selected population. 
First, the PROFILE1007 trial compared crizotinib to 
chemotherapy (docetaxel or pemetrexed), in ALK+ NSCLC 
patients after one previous platinum-based chemotherapy 
regimen (34). The study met its primary endpoint, with 
a median PFS of 7.7 months for patients treated with 
crizotinib vs. 3.0 months for those treated with chemotherapy  
(HR: 049; 95% CI, 0.37-0.64; P<0.0001). The ORR was 
also significantly higher for the crizotinib arm compared to 
the chemotherapy group (65% vs. 20%; P<0.0001). Another 
interesting feature emerging from the PROFILE1007 trial 
is a strong correlation between ALK-rearrangement and 
pemetrexed efficacy. In fact, better results were reported in 
patients treated with pemetrexed, compared to those treated 
with docetaxel, both in terms of RR (29.3% vs. 6.9%) and 
PFS (4.2 vs. 2.6 months), respectively. This could be related 
to the lower concentration of thymidylate synthase (TS), 
the main target of pemetrexed, in ALK+ tumors (35), but 
this assumption needs further validation in prospective, 
randomized studies. Finally, the ongoing open label phase 
III clinical trial PROFILE1014 trial is comparing crizotinib 
against a platinum-based doublet (cisplatin or carboplatin 
plus pemetrexed) in previously untreated, ALK-positive, stage 
IIIB/IV NSCLC patients. Waiting for the results in first  
line-setting, the European Society of Medical Oncology 
(ESMO) guidelines recommend crizotinib as the treatment 
of choice for ALK+ NSCLC patients only after progression 
to a first-line chemotherapy regimen (3). The analysis of 
data from all phases I-III studies regarding the toxic effects 
of crizotinib shows a good tolerability profile. The most 
frequent treatment-related adverse effects (AEs) were 
visual disorders (grades 1,2). Elevated amino transferase, 
lymphopenia, neutropenia, and pneumonitis were the most 
common treatment-related grade 3 or 4 AEs, observed in 
7-15%, 11.4%, 5.2%, and 1-5% of patients, respectively. 
Finally, about 69% of patients experienced at least one 
episode of sinus bradycardia (HR ≤60 bpm). Patients treated 
with crizotinib reported grater improvement in lung cancer 
symptoms and greater improvement in global quality of life 
when compared with chemotherapy (34) (Figure 2 and Table 1).

Crizotinib: also a ROS1 and c-MET inhibitor

Even though crizotinib has been approved for the 
treatment of ALK positive NSCLC, it has shown activity 

Figure 1 ALK translocation FISH break-apart positive in a 
NSCLC patient.
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also in other subgroup of NSCLC patients whose tumors 
presented ROS1 gene rearrangements. ROS1 is a receptor 
tyrosine kinase of the insulin receptor superfamily, and 
it is most closely related to ALK. Multiple ROS1 fusion 
partners have been identified in NSCLC (TPM3, SDC4, 
SLC34A2, CD74, EZR, LRIG3, and FIG), resulting in a 
ligand-independent, constitutive activation of ROS1 fusion 
kinase responsible for both, cancer cell proliferation and 
survival (36,37). ROS1 rearrangements are reported in 
about 1-2% of the whole NSCLC population (38), mostly 

in young people, never smokers, with an adenocarcinoma 
histology subtype (39), and seems to be mutually exclusive 
with other common mutations, like EGFR, K-RAS and 
ALK. Although the amino-acid sequence of ROS1 does not 
completely correspond to ALK in the kinase domain, ROS1 
positive tumors showed in vitro sensitivity to several ALK-
Inhibitors (40). On the basis of these encouraging results 
in preclinical studies (39), an expansion cohort of the initial 
crizotinib phase I trial, included 23 patients with advanced 
NSCLC harboring ROS1 rearrangements, reporting an 

Figure 2 A computerized tomography (CT) scan of the thorax showing an objective response in an ALK-rearranged lung tumor of a patient 
treated with crizotinib. (A) 49-year-old women, PS 4, with advanced, ALK-traslocated, NSCLC: baseline CT-scan; (B) 49-year-old women, 
PS 4, with advanced, ALK-traslocated, NSCLC: CT-scan two weeks after treatment initiation with crizotinib.

A B

Table 1 Clinical trials with crizotinib in ALK+ patients

Study Phase Patients included ORR (%) PFS (months) Author

PROFILE 1001 Phase I N: 149 pt 

(NSCLC; ALK+)

60.8  

(95% CI, 52.3-68.9)

9.7  

(95% CI, 7.7-12.8)

Camidge 2012 (32)

PROFILE 1005 Phase II N: 261 pt 

(NSCLC; ALK+)

60  

(95% CI, 53.6-65.9)

8.1  

(95% CI, 6.8-9.7)

Kim 2012 (33)

PROFILE 1007 Phase III (CZT vs. P/D) N: 346 pt 

(NSCLC; ALK+)

65 vs. 19.5  

P<0.0001

7.7 vs. 3.0  

P<0.0001

Shaw 2013 (34)

PROFILE 1014 Phase III (CZT vs. C + P) (NSCLC; ALK+) Ongoing Ongoing (NCT01639001)

ORR, objective response rate; PFS, progression free survival; CZT, crizotinib; P, pemetrexed; D, docetaxel; C, cisplatin or  

carboplatin.
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impressive ORR of 50% (10/20), with 9 PRs and 1 CR (41). 
Recruitment is still ongoing, but early results suggest that 
crizotinib could be also considered the standard of care for 
another subgroup of molecularly selected NSCLC patients. 
Finally, crizotinib could also represent an efficacy treatment 
for NSCLC with c-MET (mesenchymal-epithelial transition 
factor) amplifications, which have been reported to be 
oncogenic drivers in about 4-11% of patients (42,43), and are 
implicated in about 22% of the cases of acquired resistance 
to EGFR TKI (44). Although it was recently approved by 
the FDA as an ALK-inhibitor, it was synthesized primarily 
as a Met inhibitor. A recent case report described a rapid 
and durable response to crizotinib in a NSCLC patient 
carrying a de novo MET amplification and lacking an ALK 
rearrangement (43). Furthermore, several ongoing trials are 
investigating the combination of crizotinib with therapies 
targeting EGFR (erlotinib, NCT00965731; dacomitinib, 
PF-00299804, NCT01121575) to overcome EGFR-TKI 
acquired resistance, due to MET amplification. 

Mechanisms of crizotinib resistance 

Despite of a dramatic initial activity of crizotinib in 
molecularly defined, ALK-rearranged, NSCLC population, 
common to other targeted therapies used in NSCLC, such 
as EGFR-TKIs, acquired resistance to TKIs inevitably 
develops during the first year of treatment. In the clinic, 
relapses during crizotinib treatment commonly involve the 
central nervous system (CNS). The reasons for crizotinib 
failure at CNS are actually unknown, and data available 
from clinical studies are controversial. In fact, in the phase 
II PROFILE1005 study (33), only 2 out of 18 enrolled 
patients with brain metastasis developed CNS progression 
under crizotinib treatment, while in another study (45), 13 
out of 28 ALK-positive patients (46%) treated developed 
brain metastasis. Whether and how acquired resistance 
alterations may contribute to resistance in the CNS is 
actually unknown. However, extremely lower crizotinib 
concentration in the cerebrospinal fluid (CSF) compared 
to the plasma, was recently reported in one patient with 
focal CNS progression during crizotinib treatment (46), 
suggesting a possible pharmacokinetic mechanism, like 
inadequate drug exposure in a sanctuary site, as possible 
cause of the high rate of CNS relapse in ALK-positive 
patients. We may distinguish between “intrinsic TKI 
resistance”, which usually occurs earlier, especially in “fast 
progressive” patients, and, “acquired TKI resistance”, which 
more frequently occurs, within 8-10 months from crizotinib 

initiation (34). However, some cases showing more than  
24 months of clinical benefit have been reported (32). 

Recently, in vitro studies have shown a different 
sensitivity to ALK-inhibition among the different variants of 
the ALK-fusion gene (12), suggesting a possible explanation 
for intrinsic resistance to crizotinib, but this correlation 
was not confirmed in a subgroup analysis from a phase I 
trial of crizotinib (31). Mechanisms of acquired resistance 
to crizotinib may be divided into two categories. The first 
one includes additional genetic alterations in the target, 
such as secondary mutations of the ALK Kinase domain 
or amplification of the ALK fusion gene, which preserve 
and facilitate the ALK signaling pathway activity (47,48). 
Regarding the secondary mutations, the most common 
and well characterized, is the L1196M mutation (49),  
consisting of a substitution of methionine for leucine in 
the “gatekeeper” residue, promoting formation of the 
active conformation of the protein and leading to an 
increased protein kinase activity (50). Common to the 
others gatekeeper mutations, like T790M in EGFR (51), 
the L1196M mutation interferes with the inhibition of the 
kinase activity by the targeted agent, promoting enzyme 
activation and not preventing the access of the drug into 
the hydrophobic binding pocket. Additional resistance 
mutations include: G1269A, C1156Y, L1152R, G1202R, 
S1206Y, 1151Tins, and recently F1174C and D1203N. 
In in vitro experiments, all these secondary mutations 
reduced crizotinib binding and/or increased affinity for 
ATP, conferring different sensitivity to ALK-Inhibitors. 
In particular, G1269A and 1151Tins mutations increase 
the ALK kinase affinity for the ATP (52). G1202R and 
S1206Y mutations induce conformational changes, causing 
hindrance of crizotinib binding. Finally, C1156Y mutations 
lead to specific conformational changes in the binding 
site of the drug, decreasing the affinity of crizotinib, while 
L1152R mutations reduce crizotinib activity interfering 
with the downstream signaling pathway phosphorylation 
(53,54). ALK fusion gene amplification, alone or in 
combination with secondary mutations, has also been 
identified as a sufficient cause for developing crizotinib 
resistance in cell lines experiments, and subsequent studies 
have confirmed ALK fusion gene amplification in resistant 
clinical specimens (48,55). It was supposed that normal 
doses of crizotinib could not inhibit a fraction of ALK 
fusion proteins, and that increased expression may allow 
sufficient downstream signaling for tumor cell survival. 
These so-called “ALK dominant mechanisms” are involved 
in about 30% of acquired resistance to crizotinib. The 
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second category of mechanisms includes activation of other 
oncogenic drivers, which may cause resistance through 
reactivation of downstream signaling pathways via bypass 
tracts, independently of ALK genetic alterations. 

Recently, in 3 out of 11 ALK+ specimens, EGFR 
phosphorylation and K-RAS mutation were found 
in the post crizotinib biopsy, and c-KIT amplification 
was identified in 2 of 13 resistant specimens (47,48), 
suggesting that under crizotinib treatment pressure,  
pre-existent oncogenic drivers present in the same cells or 
in other clones, may emerge leading to the development 
of the resistance. Furthermore, with regards to c-Kit 
activation, in vitro studies showed that it is completely 
dependent on the concentration of stroma derived stem cell 
factor (SCF) in the tumor specimen. In fact, the crizotinib 
plus imatinib combination may lead to a decrease in c-Kit+ 
cells proliferation only in presence of SCF, suggesting 
also the involvement of the microenvironment in the 
development of crizotinib resistance (47). Therefore, 
K-RAS mutations, KIT amplification and increased EGFR 
autophosphorylation and mutations, represent the so-
called “ALK non-dominant mechanisms” involved in 
the development of the acquired resistance to crizotinib. 
Occasionally, multiple different resistance mechanisms may 
be found in the same tumor of the same patient, suggesting 
the need of combination therapies, such as ALK inhibitors, 
with therapies targeting EGFR, erlotinib or dacomitinib, 
to optimize the patients’ outcomes (56). Finally, the specific 
mechanism of acquired resistance development during 
crizotinib treatment remain still unknown in about 20% 
of patients, and loss of the ALK fusion oncogene has been 
supposed as an additional potential mechanism of resistance 
(47,48). The dynamic nature of the tumor and the higher 
heterogeneity of resistance mechanisms, underscore the 
need of a re-biopsy at each new phase of treatment, to 

better understand the specific molecular profile of each 
patient and personalize the treatment. The development 
of not invasive tools for monitoring resistance, such as 
mutational analysis of circulating free DNA or circulating 
tumor cells, will be crucial in the near future.

Emerging strategies to overcome resistance

Next-generat ion ALK inhibitors  (e .g. ,  AP26113, 
LDK378, CH5424802) and HSP90 inhibitors [e.g., STA-
9090 (ganetespib), IPI-504, and AUY922] represent 
two different, promising, strategies to overcome the 
“ALK-dominant” resistance to crizotinib, both under 
investigation in early ongoing phase I/II clinical trials  
(Table 2). Next generation ALK inhibitors potently 
inhibit the ALK kinase and have activity against many of 
the resistance mutations in vitro and in vivo, also in the 
CNS. Although not ALK-specific, HSP90 inhibitors may 
overcome crizotinib resistance by decreasing proper folding 
of the oncogenic proteins, including ALK fusion protein. 
In the case of the activation of other oncogenic drivers, 
such as upregulation of EGFR and c-KIT, dual inhibition of 
ALK and these altered enzymes or the downstream effector 
pathways, such as PI3K/AKT/mTOR and MEK/ERK, 
represent potential therapeutic strategies. Finally, about 
33% of patients enrolled in the PROFILE1007 trial who 
developed focal brain progression continuing on crizotinib 
treatment after progression in combination with local 
therapy. Median duration of crizotinib treatment beyond 
progression was 15.9 weeks, suggesting a new possible 
treatment strategy in this specific subset of patients (34). 
Recently, a case report by Matsuoka et al. (64), described 
a pronounced antitumor effect of crizotinib rechallenge 
in a Japanese woman with ALK rearranged NSCLC who 
initially responded to this drug but subsequently showed 

Table 2 New drugs targeting EML4-ALK in NSCLC patients

Drug MTD DLTs Patients [N] ORR (%) Author

AP26113 120 mg daily ↑ALT, dyspnea, and hypoxia CZT-resistant [16] 76 Camidge 2013 (57)

LDK378 750 mg daily Diarrhea, nausea-vomiting dehydration CZT-resistant [26] 81 Shaw 2012 (58)

CH5424802 300 mg BID Not determined CZT-naïve [49] 85.7 Nishio 2012 (59) 

900 mg BID CZT-resistant [37] 48 Gadgeel 2013 (60)

IPI504 N.A Not determined CZT-naïve [3] 66.6 Sequist 2010 (61)

Ganetespib N.A Not determined CZT-naïve 50 El-Hariry 2012 (62)

AUY922 70 mg/m2 weekly Anorexia, diarrhea, dark vision, asthenia, fatigue CZT naïve 50 Felip 2012 (63)

CZT, crizotinib; N.A, not available. 
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tumor progression. Analogously to the T790M mutation 
in the EGFR gene, the temporary drug withdrawal could 
restore cell sensitivity to the TKI, through a reduction in 
the proportion of cells harboring the acquired resistant 
mutation (65), allowing the subsequent retreatment with 
the same TKI.

New ALK-inhibitors

LDK378

This compound is a novel, potent, and selective ALK-
inhibitor also active against the C1156Y acquired mutation in 
xenograft models. It was synthesized based on the structure 
of TAE684, a previous ALK-inhibitor not suitable for clinical 
development, because of its potential to generate toxic 
reactive adducts. Extensive medicinal chemistry modifications 
were successfully undertaken, leading to the synthesis of 
novel derivatives that did not form reactive adducts and that 
potently inhibited ALK, like LDK378. Both in biochemical 
and cellular assays, LDK378 showed potent antiproliferative 
activity, with an IC50 value of 2.2 nmol/L, lower than the 
IC50 of crizotinib. It showed an excellent pharmacokinetics 
profile in animals, with an oral bioavailability of >50%, and 
also a good tolerability profile. 

On the basis of encouraging pre-clinical data a phase I, 
first in human study was conducted in patients with ALK-
positive advanced malignancies that were both treatment-
naïve and also progressed on standard targeted therapy. 
The MTD was defined at 750 mg/daily and dose-limiting 
toxicities (DLT) included diarrhea, nausea-vomiting and 
dehydration. A total of 47 patients with NSCLC were 
evaluable for response; 51% of them achieved a PR. 
Interestingly, of the 26 patients with NSCLC who had 
progressed following crizotinib and were treated at dose of 
≥400 mg/day, there were 21 (81%) responses (58). Another 
phase I trial exploring the MTD and/or recommended dose 
in Japanese patients with tumors harboring ALK alterations, 
mostly NSCLC (18/19) showed that the safety profile was 
tolerable and comparable to that of Western patients, with 
MTD: 750 mg. LDK378 exhibited antitumor activity not 
only in crizotinib naïve patients but also in resistant ALK+ 
NSCLC patients, with an ORR of 50%. PRs were observed 
in 7/9 (77.7%) crizotinib pretreated patients (66). 

Considering the phase I promising results LDK378 
received the breakthrough therapy designation by the 
FDA for the treatment of patients with ALK+ metastatic 
NSCLC who had progressed to crizotinib. Currently, two 

confirmatory phase II studies of LDK378 in crizotinib-
naïve (NCT01685060) and crizotinib-resistant ALK+ 
(NCT01685138) NSCLC patients are ongoing. In 
addition, two phase III trials comparing this novel agent 
with standard chemotherapy in ALK+ NSCLC untreated 
patients (NCT01828099) or after platinum and crizotinib 
failure (NCT01828112), are also recruiting patients.

AP26113

This drug is a novel, synthetic, orally-active TKI, which 
potently inhibits mutant activated forms of ALK, ROS, 
and EGFR in cell lines, including the ALK-L1196M and 
EGFR-T790M mutations (67,68), but not native EGFR. 
In vitro studies showed a potent antiproliferative activity, 
with an IC50 of 15-45 nmol/L, lower than crizotinib for 
the wild type and the L1196M mutant ALK. Preliminary 
data available from a phase I/II ongoing trial showed that 
AP26113 was well tolerated with preliminary antitumor 
activity in ALK-positive patients who had failed prior 
crizotinib. As of April 17th 2013, among 24 evaluable 
patients, 14 responded: 2/4 (50%) ALK+ crizotinib naïve 
patients, and 12/16 (76%) ALK+, crizotinib resistant 
patients. Furthermore, 4/5 patients with untreated or 
progressing CNS lesions, experienced objective responses, 
that are currently maintained. The most common AEs 
included fatigue (40%), nausea (36%) and diarrhea (33%), 
while the most common grade 3/4 AE was pneumonia (5%). 
DLT were observed in two patients (grade 3 ALT increase, 
grade 4 dyspnea and grade 3 hypoxia) (57). Therefore, the 
dose of 180 mg was determined for the phase II expansion 
study, which will include five cohorts: ALK-positive NSCLC 
patients who are naïve or resistant to prior ALK-targeted 
therapy; EGFR mutated NSCLC patients who are resistant 
to EGFR targeted therapy; other cancers with abnormalities 
in the ALK gene or other AP26113 targets (such as ROS1), 
and finally an ALK+ brain metastasis dedicated cohort. This 
study is currently recruiting patients (69). 

CH5424802

This compound is a highly potent (IC50 =1.9 nmol/L), 
selective, oral ALK inhibitor. It binds to the ATP site of 
ALK, preventing the ALK autophosphorylation, showing 
antitumor activity against NSCLC cells expressing EML4/
ALK fusion in preclinical studies, but also against mostly of 
the second site mutations of the ALK domain, notably the 
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L1196M gatekeeper mutation and C1156Y mutation (70).  
Preclinical studies in CNS implantation models also 
suggest a promising antitumor activity of CH5424802 
against CNS lesions. A phase I/II trial has been recently 
presented using CH5424802 in ALK-positive, Japanese, 
NSCLC patients. In the phase I portion, dose was escalated 
using an accelerated titration scheme. During that phase, 
15 patients were treated with CH5424802. When doses 
of 300 mg twice daily, the highest dose level defined in 
the protocol, were administered, MTD was not reached 
since a DLT was not determined. All patients (at all dose 
levels) achieved tumor regression and at dose levels of  
240 mg twice daily or more under fasting conditions. All 
seven patients with measurable lesions achieved a PR (71). 
In the phase II portion of the trial, a total of 34 patients 
with no prior exposure to ALK inhibitor therapy were 
treated with CH5424802 at a 300 mg dose twice daily. The 
reported response rate in the first 15 evaluable patients was 
73.3% with 1 CR and 10 PR. No treatment-related AEs led 
to dose reductions. Main treatment-related AEs among 34 
patients were liver function test abnormalities, dysgeusia, 
rash, nausea and myalgia, most of them grade 1 except 
for neutropenia. Responses were seen in 3 patients with 
brain metastases (59). A phase II trial (NCT 01588028) is 
ongoing. Another phase I study of CH5424802 (900 mg), 
including 37 ALK+ NSCLC patients who have failed to 
crizotinib, showed preliminary efficacy and good tolerability 
profile also in this subset of patients, with PR in 48% and 
stable disease (SD) in 34%. The most common AEs were 
fatigue, CPK increase, myalgia, cough, ALT increase, 
peripheral edema and rash. Grade 3/4 AEs include GGT 
increase (n=3), neutrophil decrease (n=2), but no grade 3 
nausea, vomiting, diarrhea or edema were reported (60). 
Furthermore, within 3-6 weeks after treatment initiation, 
CH5424802 dramatically shrank brain lesions previously 
progressed on crizotinib, suggesting a possible role in 
replacing or delaying the need of brain radiation in ALK-
positive NSCLC patients (72). 

HSP90-inhibitors

The inhibition of the molecular chaperone, HSP90, 
represents a new promising strategy to overcome the 
“ALK-dominant” crizotinib resistance (due to secondary 
mutations or amplification) in ALK-rearranged NSCLC. 
The inhibition of HSP90 prevents from regulating the 
activation and stability of its client proteins, including 
oncogenic proteins such as ALK, facilitating their 

proteasome mediated degradation (73). This degradation 
leads to a potent inhibition of downstream signaling 
pathways, the arrest of cell growth and the induction of 
apoptosis in cells carrying the EML4-ALK fusion (74). 
Some in vitro studies have shown that Hsp90 inhibitors 
are active against all types of acquired ALK mutations 
identified, particularly in the case of L1196M mutation, and 
also against ALK amplification (55). Furthermore, HSP90 
inhibition led to a reduced expression of EML4-ALK in 
animal models (56). Several HSP-inhibitors have been 
developed and tested in the clinical setting. In fact, in those 
clinical trials usually including NSCLC patients with a 
heterogeneous molecular profile (EGFR-mutations, KRAS-
mutations, ALK-rearrangements), promising results have 
been observed in the ALK-rearranged subgroup of patients. 
In a phase II study testing the HSP90 Inhibitor IPI-504, 2 
out of 3 ALK+ NSCLC patients enrolled responded, with 
a median PFS of 7 months (61). This is probably related 
to the crucial role of HSP90 as a chaperone for ALK 
protein. In fact, preclinical studies showed high sensitivity 
of EML4-ALK+ NSCLC cells to the HSP90-inhibitor IPI-
504 which induces tumor regression in a xenograft model, 
showing activity also against cells that have been selected 
for resistance to ALK kinase inhibitors (74). In a phase II 
clinical trial with another HSP90-Inhibitor, ganetespib, in 
monotherapy, a total of 99 NSCLC patients were included 
and divided according to their molecular profile into three 
cohorts: EGFR+, KRAS+, and EGFR/KRAS wild type. 
Among the wild type subgroup, only four responders have 
been reported, and all four patients have been subsequently 
found to be ALK+ (75). In another study, ganetespib showed 
an ORR of 50% in ALK+ crizotinib-naïve population (62).  
On the basis of these encouraging evidences, several 
clinical trials are currently exploring the activity of the 
HSP-inhibitor ganetesbip, alone (NCT01562015), or in 
combination with crizotinib (NCT01579994) in ALK+ 
NSCLC. A phase II study with AUY922 was conducted 
in patients with previously treated advanced NSCLC, 
stratified by molecular status (ALK-positive, EGFR-mutant, 
KRAS mutant or wild-type, EGFR/K-ras/ALK “triple 
negative”). Interestingly, clinical activity of AUY922 was 
mainly observed among patients with ALK-positive tumors 
and EGFR mutant NSCLC, with PR confirmed in 25% of 
ALK+ patients (50% in crizotinib-naive ALK+ patients), 
18% in EGFR mutated patients, 13% in wild-type patients, 
and none of the KRAS-mutated patients. Estimated 
median PFS rates were 42% and 34% at 18 weeks in ALK-
positive and EGFR-mutant patients, respectively. The most 



258 Rolfo et al. Crizotinib and new ALK-inhibitors

© Translational lung cancer research. All rights reserved. Transl Lung Cancer Res 2014;3(4):250-261www.tlcr.org

common AEs were diarrhea (73%), visual disorders (71%), 
and nausea (43%) (63). Based on the above mentioned data, 
there are multiple studies underway involving patients with 
NSCLC receiving AUY922 either alone or in combination 
with other targeted agents, especially for those with either 
ALK+ or EGFR-mutated tumors. Finally, AT13387 is 
another Hsp90 inhibitor which showed activity both alone 
and in combination with crizotinib against ALK+ NSCLC 
cells lines and xenograft models (76). In the phase I, dose-
escalation study including all solid tumors, the DLT 
observed were infusion-related symptoms, gastrointestinal 
effects, and fatigue. A phase I/II trial of AT13387 in 
NSCLC with or without crizotinib is currently ongoing.

Conclusions

Crizotinib represents the last targeted agent approved 
for the treatment of NSCLC. In phase III randomized 
clinical trials it has shown to be superior to conventional 
cytotoxic agents in second line treatment of selected groups 
of patients with ALK-rearranged NSCLC. We are eagerly 
waiting for the results of PROFILE 1014 in the frontline 
setting. The clinical development of crizotinib has been 
an amazing success story in lung cancer translational-
research. Its accelerated approval has benefited many 
patients whose tumors harbor this novel EML4/ALK 
translocation, marking the beginning of the new decade of 
targeted therapy, characterized by new ethical and scientific 
considerations. 

Common to others targeted therapies that have 
revolutionized the therapy of NSCLC, such as EGFR-
TKIs, acquired resistance to crizotinib inevitably develops 
during the treatment. The novel generation of ALK 
inhibitors and the Hsp90-inhibitors represent promising 
alternatives for those patients whose tumors develop the 
so called “ALK-dominant” mechanisms of resistance. 
Combination of different targeted agents may be considered 
to overcome the activation of alternative signaling pathways, 
such as EGFR, KRAS. To date, the causes of progression 
remain unknown in about one-third of patients receiving 
crizotinib. Therefore, elucidating acquired resistance 
mechanisms, preventing CNS progressions, and developing 
adequate therapeutic strategies such as the optimal sequence 
of treatment and the best combinations, are the crucial 
questions to be answered by dedicated translational research 
studies. Only a close collaboration between oncologists, 
pathologists and molecular biologists may help to find the 
right answers in an efficient and timely fashion.
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