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Abstract

Introduction
Lung cancer is the leading cause of cancer-related death worldwide with 85% of the cases being non–small cell lung cancer
(NSCLC). Major advances in NSCLC have led to the identiﬁcation
of at least one oncogenic driver mutation in 64% of patients (1, 2).
Development of targeted therapies against some of these genomic
abnormalities has brought treatment of lung cancer into the
era of precision medicine. Rearrangements in the anaplastic
lymphoma kinase (ALK) gene were identiﬁed as an oncogenic
driver event in 2007, and are found in 3%–7% of NSCLC, typically
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more than 1 patient. Analysis of somatic copy number aberrations (SCNA) demonstrated that a gain in EML4 was associated with longer PFS, and a loss of ALK or gain in EGFR was
associated with shorter PFS. This study is the ﬁrst to report a
comprehensive view of the ALKþ NSCLC copy number landscape and to identify SCNA regions associated with clinical
outcome. Our data show the presence of TP53 mutation as a
strong prognostic indication of poor clinical response in ALKþ
NSCLC. Furthermore, new and rare ALK fusion partners were
observed in this cohort, expanding our knowledge in ALKþ
NSCLC.

in younger patients who are light- or nonsmokers (3, 4). Echinoderm microtubule-associated protein-like 4 (EML4) is the
main fusion partner of ALK representing about 80% of the ALKþ
cases, and more than a dozen different EML4-ALK variants have
been identiﬁed (5).
Clinical management of patients with ALKþ NSCLC has been
revolutionized by the development of therapies that speciﬁcally
inhibit ALK kinase activity. Crizotinib, an orally available ATPcompetitive small molecule, was the ﬁrst ALK tyrosine kinase
inhibitor (ALK-TKI) used in the clinical setting. However, most
patients relapse within 1–2 years (6) due to the generation of ontarget resistance (through acquisition of secondary mutations in
the tyrosine kinase domain of ALK) and/or off-target resistance
(through activation of alternative signalling pathways; ref. 7).
Second- and third-generation ALK inhibitors have been developed to address some of the resistance mechanisms to crizotinib
and have activity against a wide spectrum of secondary ALK
mutations, as well as increased potency, selectivity, and blood–
brain barrier permeability (8–12). However, acquired resistance
to next-generation ALK-TKIs is also observed and is harder to
overcome with the appearance of compound mutations in ALK as
well as loss of ALK dependency by activation of alternative pathways. Despite tremendous effort and investment in drug development, the acquisition of resistance remains a major challenge
across ALK-TKIs, for which there are currently no predictive
biomarkers.
Decreasing costs of next-generation sequencing (NGS) technologies have enabled researchers and clinicians to further investigate the mutational and copy number aberration landscape of
lung cancer using whole-genome or whole-exome sequencing
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Rearrangements in the anaplastic lymphoma kinase (ALK)
gene are found in approximately 5% of non–small cell lung
carcinoma (NSCLC). Here, we present a comprehensive genomic landscape of 11 patients with ALKþ NSCLC and investigate its relationship with response to crizotinib. Using wholeexome sequencing and RNAseq data, we identiﬁed four rare
ALK fusion partners (HIP1, GCC2, ERC1, and SLC16A7) and
one novel partner (CEP55). At the mutation level, TP53 was
the most frequently mutated gene and was only observed in
patients with the shortest progression-free survival (PFS). Of
note, only 4% of the genes carrying mutations are present in
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(WES). Several genomic studies provided a list of key genes
affected in lung adenocarcinoma such as TP53, as well as actionable genes like EGFR, KRAS, ERBB2, and PIK3CA. However, the
lower occurrence of ALK rearrangements in the population made
this cohort difﬁcult to study and comprehensive genomic studies
of ALKþ NSCLC are limited and are mostly lacking clinical
outcomes.
In this study, we analyzed WES from pretreatment primary and
posttreatment metastatic tumors of 11 patients with ALKþ
NSCLC treated with crizotinib as standard of care. We identiﬁed
rare ALK fusion partners, as well as somatic mutation and copy
number aberrations associated with response to crizotinib.

Materials and Methods

Trial design, treatment, and assessments
This study was performed in a real-life context for patients
with locally advanced or metastatic ALKþ NSCLC between
January 31, 2014 and July 31, 2018 (cut-off date). Objectives
included conﬁrmation of measures of efﬁcacy of crizotinib
therapy [progression-free survival (PFS), disease control rate,
and time to treatment discontinuation) and assessment of
blood- and tissue-based biomarkers of response or resistance
to crizotinib. Eligible patients had histologic conﬁrmation of
ALKþ NSCLC. Radiologic disease assessment was performed
within 30 days of starting treatment and every 8–12 weeks
during treatment until progression. Measurable disease was
assessed according to the RECIST v.1.1 (13).
Patients received oral crizotinib as capsules at a dose of 250 mg
twice daily, or 200 mg twice daily in the case of toxicity. Treatment
with crizotinib followed standard of care and continuation
beyond progression of disease was at the discretion of the treating
physician. At the cut-off date, 6 (25%) patients had a partial
response, 9 (37.5%) had stable disease, 5 had progressive disease,
and response data was not available for 4 patients (Supplementary Table S1). An objective response rate of 25% and a durable
clinical response of 62.5% were achieved, and 2 patients (8.3%)
were still responding to treatment at the cut-off date (Supplementary Table S1). Five of 24 patients (20.8%) were already
receiving crizotinib therapy when enrolled in this study. Two of
these 5 patients were treated with crizotinib in combination with
the HSP90 inhibitor onalespib (AT13387; Astex Pharmaceuticals)
in a previous clinical trial (NCT01712217).
Tissue and blood sample collection
The pretreatment tissues were archived, formalin-ﬁxed, parafﬁn-embedded (FFPE) from primary lung tumor collected at
diagnosis by ultrasound-guided needle core biopsy, ﬁne-needle
aspiration, or endobronchial ultrasound transbronchial needle
aspiration. We obtained primary FFPE samples for 21 of
24 patients (87.5%). Five of these patients (20.8%) underwent
a posttreatment biopsy at disease progression. Posttreatment

www.aacrjournals.org

DNA and RNA isolation
Coextraction of DNA and RNA from FFPE and frozen samples
was performed with the AllPrep DNA/RNA FFPE Kit and the
All Prep DNA/RNA Mini Kit, respectively (Qiagen). The QIAamp
DNA FFPE Kit (Qiagen) was used for isolation of FFPE DNA
alone. DNA was extracted from buffy coat using the Gentra
PureGene Blood Kit (Qiagen). All extractions were performed
according to the manufacturer's instructions. The NanoDrop
Spectrophotometer (Thermo Fisher Scientiﬁc), Qubit v2.0 Fluorometer (Thermo Fisher Scientiﬁc), and the Agilent Bioanalyzer
2100 (Agilent Technologies) were used to assess concentration,
purity, and degradation of nucleic acid extracts. Samples with
RIN > 3 were used for total RNA sequencing. RNA was extracted
only from 3 patients and DNA from 11 patients.
Whole-exome library preparation, sequencing, and data
analysis
WES was performed on 50 ng of DNA isolated from all tumor
tissue samples that passed quality control and yielded sufﬁcient
material. Target enrichment was carried out using the Agilent
SureSelect Human Exome XT HS v6 Kit (Agilent Technologies)
according to the manufacturer's protocol. Custom baits were
designed in the ALK gene and known ALK fusion partner introns
(Supplementary Table S2). Sequencing was performed on Illumina HiSeq2500 with 125 base pair (bp) paired-end reads. An
average of 90 M reads per sample was obtained. Data can be found
under the following SRA accession number PRJNA514317.
Raw sequences were preprocessed with Trimmomatic to
remove adaptor contamination, low quality bases, and shorter
reads. Clean reads were aligned to the reference genome (UCSC
hg19) using the Burrows-Wheeler Aligner maximal exact matches
algorithm. The Genome Analysis Toolkit software was used to
mark duplicates and do realignments around Indels.
Somatic variants were identiﬁed using MuTect2 with matched
tumor and normal samples. Variants were annotated with ANNOVAR (applied ﬁlters: MuTect2 ﬁlter ¼ "PASS", number of reads ¼
10, number of alternative reads ¼ 5, minimum alternative allelic
frequency for SNP ¼ 5%, and minimum alternative frequency for
Indel ¼ 10%). Sequenza was used to assign cellularity and variant
allelic fraction (VAF) was normalized according to each sample
cellularity (14).
FACTERA was used to detect fusions between the genomic
region encompassing introns 18 and 19 of the ALK gene and the
genomic regions covered by custom baits. Default settings were
used except for the parameter for number of read overlapping the
fusion (option -r) that was set at 2 (15).
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Study oversight
We conducted a prospective observational study (NTC02041468) at ﬁve major cancer centers in Canada. The study was
approved by the institutional review board at each participating
hospital and complied with Good Clinical Practices, the principles of the Declaration of Helsinki, and all applicable regulatory
requirements. All patients provided written informed consent
prior to any study speciﬁc procedures.

biopsies were obtained from a metastatic hepatic lesion
(3 patients), a progressing lung lesion (1 patient), or the right
hilar lymph node (1 patient). Samples were either snap frozen in
liquid nitrogen and embedded in optimal cutting compound
temperature or FFPE. Hematoxylin and eosin staining was performed on 4–5-mm sections, which were then submitted for
histopathologic review by a designated pathologist. ALK rearrangement status was assessed on FFPE primary lung tumor or
ﬁne-needle aspirates either by IHC using ALK antibody clones 5A4
(Novocastra or Biocare) or D5F3 (Cell Signaling Technology), or
by FISH using the FISH Vysis LSI ALK Break Apart FISH Probe Kit.
Tissues passed histologic quality control if the viable neoplastic
cell content was over 40% and were subsequently processed for
nucleic acid extraction.
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Somatic copy number analysis
Nexus Biodiscovery v9 (BioDiscovery Inc.) was used to analyze
somatic copy number aberrations (SCNA) from WES data following the removal of read duplicates. Copy number was estimated by comparing the primary or metastatic tumor lesions with
the matched normal sample. The ngCGH (matched) processing
setting was used for our analysis. The frequency plot was obtained
using the view, aggregate, and copy number parameters. Significant regions were obtained using the STAC algorithm. The Nexus
predictive survival tool was used to identify regions associated
with PFS. Regions for which less than 3 patients/group had gains
or losses were not included.
ALK fusion validation
To validate ALK fusion in our patient samples, we designed
primers to encompass the breakpoint identiﬁed by FACTERA.

Results
Sample collection, patient characteristics, and clinical outcome
Twenty-four locally advanced or metastatic patients with ALKþ
NSCLC were enrolled in this study and administered at least one
dose of crizotinib. The objective was to recover DNA and, when
feasible, RNA from primary lesions prior to treatment and metastatic lesions posttreatment collected at progression to identify
potential biomarkers of response or resistance to crizotinib
(Fig. 1). For 3 patients (12.5%), primary samples were not
available and for the remaining 21 patients, 42.9% of the samples
failed histology quality control (HQC). Most of the samples
passing HQC (83.3%) yielded enough DNA to be used for NGS.

Assessed for eligibility (n = 24)

Enrolled (n = 24)

Primary tumor RNA (n = 2)

Primary tumor DNA (n = 10)
No archived tumor sample available (n = 3)
Excluded due to HQC failure (n = 9)
Excluded due to insufficient sample quantity (n = 1)
Excluded due to failed platform QC (n = 1)

No archived tumor sample available (n = 3)
Excluded due to HQC failure (n = 9)
Not extracted (n = 9)
Excluded due to failed platform QC (n = 1)

Administered ≥1 dose crizotinib (n = 24)

Posttreatment metastasis DNA (n = 3)

Patient still on study (n = 2)
No posttreatment sample available (n = 17)
Excluded due to HQC failure (n = 1)
Excluded due to failed platform QC (n = 1)

Posttreatment metastasis RNA (n = 3)
Patient still on study (n = 2)
No posttreatment sample available (n = 17)
Excluded due to HQC failure (n = 1)
No primary so not sequenced (n = 1)

Figure 1.
Patient samples' proﬁling ﬂowchart. Overview of the samples collected and processed during the study.
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RNA library preparation, sequencing, and data analysis
Ribosomal depletion and RNA libraries were performed with
Ribo-Zero (Illumina) and the TruSeq Adaptor Kit (Illumina).
Libraries were sequenced as 125 bp paired-end reads on Illumina

HiSeq 2500 (Genome Quebec). Raw FASTQ sequences were
trimmed and ﬁltered with Trimmomatic v0.3228. Trimmed reads
were aligned to the reference genome (UCSC hg19) using STAR
v2.3.0e. Quality control was performed using metrics obtained
with FASTQC v0.11.2, SAMtools, and BEDtools. FeatureCount
was used for counting RNA-seq reads at the gene level. Fusions
were detected manually and using STAR-Fusion.
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These numbers highlight the difﬁculty to obtain high quality
specimens from patients with lung cancer. For 19 patients
(79.2%) no second biopsies were collected, including 2 patients
that did not progress at date of data cutoff (Fig. 1). Overall, 10
pretreatment primary lesions and 3 posttreatment metastatic
lesions collected from 11 patients passed quality control criteria
and were analyzed by WES (Fig. 1). RNA was extracted from six
samples from 3 patients, and only ﬁve passed QC and were
sequenced (Fig. 1). Despite the small number of patients in this
study due the rarity of this patient subset, coupled with the
challenges of obtaining adequate samples, often observed in lung
cancer, this report deepens our understanding of genomic
mechanisms that may enable advances in ALKþ NSCLC
treatment.
Table 1 summarizes the demographic, clinical, and baseline
characteristics of the entire cohort, as well as the patients
proﬁled. We observed a median PFS of 13.1 months (range,

a
Smokers are deﬁned as subjects that smoked at the time of enrollment or
stopped within 12 months of enrollment.
b
Nonsmokers are deﬁned as subjects that smoked 5 packs/year and stopped
smoking at least 12 months prior to enrollment.
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Identiﬁcation of ALK rearrangements using RNAseq and
targeted sequencing
Because of the challenges faced in the dual collection of DNA
and RNA in the ﬁrst 3 patients processed, we decided to focus
on extracting only DNA for the remaining samples. To identify
ALK rearrangement from DNA, we designed custom probes
covering ALK intron 18 and intron 19, as well as introns for
some of well-known ALK fusion partners (Supplementary
Table S2) and included them in the SureSelect V6 probes used
for WES. We identiﬁed ALK rearrangements in 12 patients using
WES and/or RNA sequencing data (Table 2). In patients with
both RNAseq and WES available, the same ALK rearrangement
was identiﬁed with both methods (Supplementary Fig. S2A and
S2B). We found that 8 of 12 patients (66%) had an EML4-ALK
fusion, with variants 1, 3, and 5 being expressed in 2 (16.7%),
5 (63%), and 1 (8.3%) patients, respectively (Table 2). Previous
publications reported that expression of variant three was
associated with poor response to crizotinib (16). Accordingly,
we observed that 4 of the 5 patients expressing variant three
rapidly progressed. However, the remaining patient expressing
variant three had a PFS of 29.5 months, highlighting that
speciﬁc ALK variant expression alone is not sufﬁcient to explain
differences in response duration. Despite the relatively small
size of our cohort we identiﬁed four rare ALK fusions partners,
ERC1, SLC16A7, HIP1, and GCC2 and one novel, CEP55. ERC1
is known to be a fusion partner with tyrosine kinase proteins
RET and ROS1 (17–22). Interestingly, all the patients carrying
these unusual ALK fusion partners had a longer PFS (range:
22.4–40.7 months; Table 2).
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Table 1. Demographic, clinical, and baseline patient characteristics
Genomic cohort
Entire cohort
(n ¼ 12)
(n ¼ 24)
Age (years)
Median
62.5
62
Min–max
41–78
41–80
Sex
Male
8 (66.7%)
14 (58.3%)
Female
4 (33.3%)
10 (41.6%)
Weight (kg)
Median
77.7
77.5
Min–max
40–104
40–127.6
Ethnicity
White or Caucasian
10 (83.3%)
20 (83.3%)
African-American
1 (8.3%)
2 (8.3%)
Hispanic
1 (8.3%)
2 (8.3%)
ECOG performance status
0
4 (33.3%)
10 (41.6%)
1
7 (58.3%)
12 (50%)
Unknown
1 (8.3%)
2 (8.3%)
Smokera,b
Yes
2 (16.7%)
4 (16.7%)
No
10 (83.3%)
20 (83.3%)
Histology
Adenocarcinoma
11 (91.7%)
23 (95.8%)
Mixed
1 (8.3%)
1 (4.2%)
Stage at initial diagnosis
III
0
1 (4.2%)
IIIa
1 (8.3%)
1 (4.2%)
IIIb
1 (8.3%)
3 (12.5%)
IV
10 (83.3%)
19 (79.2%)
EGFR mutation
Negative
12 (100%)
24 (100%)
Positive
0
0
Line of treatment
First-line
9 (75%)
21 (87.5%)
Second-line
3 (25%)
3 (12.5%)
Number of previous anticancer therapies
0
9 (75%)
18 (75%)
1
3 (25%)
6 (25%)
Number of distant metastatic sites at study baseline
0
3 (25%)
4 (16.65%)
1
3 (25%)
10 (41.7%)
2
2 (16.7%)
6 (25%)
3
4 (33.3%)
4 (16.65%)

1.1–43.6 months; 95% conﬁdence interval, 4–26.9 months).
The association between some of these characteristics and PFS
in response to crizotinib was assessed using a multivariate Cox
proportional hazard ratio on the entire cohort (Supplementary
Fig. S1). Although we did not observe any signiﬁcant associations between the demographics, baseline, or clinical characteristics tested, and response duration, we did observe that
smokers and patients with an Eastern Cooperative Oncology
Group (ECOG) of 1 tended to have a shorter PFS.

Mutational landscape of ALKþ pretreatment primary and
posttreatment metastatic tumors
Mutation proﬁles across patients with ALKþ NSCLC were
found to be highly heterogeneous. The tumor mutation burden
ranges from 0.23 to 4.86 mutation/Mb of exon (Fig. 2A). No clear
relationship with patient smoking status was observed. The
number of mutations and chromosomal rearrangements is not
inversely correlated in this cohort (Fig. 2A) and the number of
each type of events by patient is summarized in Supplementary
Table S3. Consistent with data reported on lung adenocarcinoma,
TP53 was the most frequently mutated gene identiﬁed in our
cohort in 3 of 11 patients (27%), along with two other genes
FBN2 and FRMD4A. Focusing on previously reported genes
affected in NSCLC (3), Fig. 2B shows the frequency of mutation
and copy number aberrations for the following genes TP53, EGFR,
STK11, CDKN2A, PTEN, RB1, MET, ERBB2, and BRAF. Most of
the genes targeted by a mutation were unique for each patient
(Fig. 2C), with only 4% identiﬁed in more than one patient.
As previously reported, TP53 mutation was associated with poor
PFS (Fig. 2D), interestingly the loss of TP53 did not associate
with a worse outcome (Fig. 2E), which may indicate a functional
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Table 2. List of ALK rearrangements in primary tumora and posttreatment lesionb
Patient ID
PFS (months)
Time
Technology
ALK Exon
003
4
Post
RNAseq
E20
004
1.6
Pre
WES, RNAseq
E20
Post
WES, RNAseq
E20
007
4.5
Pre
WES
E20
011
1.6
Pre
WES, RNAseq
E20
Post
WES, RNAseq
E20
013
26.9
Post
WES
E20
015
22.4
Pre
WES
E20
016
29.5
Pre
WES
E20
017
14
Pre
WES
E20
018
18.7
Pre
WES
E20
021
0.98c
Pre
WES
E20
022
1.5
Pre
WES
E20
025
40.7d
Pre
WES
E20

Partner (exon, variant)
EML4 (E6, V3)
EML4 (E6, V3)
EML4 (E6, V3)
EML4 (E13, V1)
EML4 (E6, V3)
EML4 (E6, V3)
HIP1 (E28)
GCC2 (E18)
EML4 (E6, V3)
EML4 (E13, V1)
EML4 (E18, V5)
CEP55 (E3)
EML4 (E6, V3)
ERC1 (E15)
SLC16A7(E1)

Supporting reads
NA
14/105
30/169
31/190
104/450
56/518
78/440
3
20/369
15/401
33/200
3
12/422
5/57
4/53

ALK mutation

G1202R

a

Identiﬁed as pre in time column.
Identiﬁed as post in time column.
c
Patient discontinued because of drug toxicity.
d
Patient currently on study.
b

A

B
Fusion detail:

Pt
Time
Smoking status

Rearrangements
number

Mutation rate
(/Mb)

5

Mutation
Gain
Loss
High copy gain
Homozygous deletion

2.5

500

100%

Fusion

EGFR

73%

Missense

TP53

64%

1,000

STK11

55%

BRAF

36%

PTEN

36%

MET

36%

ERBB2

27%

RB1

27%

TP53 mutation
status

Number of genes mutated
3

Shallow deletion
Deep deletion
No alteration
Fusion
ALK-EML4 v3
ALK-EML4 v1
ALK-EML4 v2
Not EML4 fusion

TP53 copy number
status

100

100

36

Gain

E

D

C

Truncating

CDKN2A 64%

Smoking status
Yes
No
Time
Pretreatment
Posttreatment

0

ALK

No loss
Loss

974

In 2 patients

Mutated
50

n=3

n=7

P = 0.0104

Unique

Percent of PFS

In 3 patients

Percent of PFS

WT

50

n=4

n=6
P = 0.904
0

0
0

10

20

Months

30

40

0

10

20

30

40

Months

Figure 2.
Mutational landscape of patients with ALKþ NSCLC. A, Number of mutation and copy number aberrations per sample. Patients are grouped as follows: prelesion
only (n ¼ 8), postlesion only (n ¼ 1), and pre- and postlesions (n ¼ 2). B, Oncoplot of genomic alteration occurring in genes known to be affected in lung
adenocarcinoma. C, Pie chart showing the number of genes mutated in 3 patients, 2 patients, or 1 patient. Kaplan–Meier curves associating the PFS with
TP53 mutation (D) or deletion (E).
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known mutation in ALK (G1202R) associated with crizotinib
and ceritinib resistance (Table 2; ref. 24). Absence of ALK
mutations in primary tumors as well as posttreatment metastatic tumors in intrinsically resistant patients emphasizes the
need to understand off-target resistance mechanisms in
patients with ALKþ NSCLC.

difference between the loss and mutated TP53 in tumor
biology (23).
No mutations in ALK were found in primary lesions, even in
patients exhibiting intrinsic resistance to crizotinib, again pointing to alternative mechanisms of resistance. In a posttreatment
lesion from a patient with acquired resistance, we detected a
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A
Pre

Pt011

Post

84

13

C

Pre

52

6

0.6

CAPN5

Post VAF

Post VAF

IQSEC3

LRP5
PDK2

KANK4

4

Pt011

0.8

0.4

12

D

Pt004

POLR2A

Post

TEC
RAG2
CHD1L

0.3

PDE4DIP
FRG1
SLC35G5 PIP5K1A TP53
MBTD1

0
0

0.4
Pre VAF

Mutational heterogeneity in patients with pre- and postbiopsies
Data from prior and post crizotinib treatment biopsies were
obtained for 2 intrinsically resistant patients (patient #004
and #011). To take advantage of these paired biopsies from 2
patients with similar response, we decided to perform a deeper
analysis of intrapatient heterogeneity. Of note, despite both
patients having no response to crizotinib, the total number of
mutations in each patient is very different (97 vs. 18, in the
primary lesion; Fig. 3A). Interestingly, the number of common
mutations between pre- and posttreatment biopsies were similar
between both patients (12 and 13). These common mutations
represented approximately 66.7% of the primary lesion for
patient 011, but only represented approximately 13.4% of the
primary lesion for patient 004 (Fig. 3A).
Next, we looked at the VAF of the common mutations between
both lesions for each patient. We distinguished three types of
mutations: one that had consistent VAF between both lesions
(grey), one that had higher VAF in the pretreatment lesion (blue),
and one which had higher VAF in the posttreatment lesion
(orange; Fig. 3C and D). Interestingly, in both patients TP53 VAF
was lower in the postmetastatic lesion compared with the primary
lesion, which could be attributed to treatment or the difference in
lesion localization (primary vs. metastasis). TP53 was the only
gene mutated in both patients. In patient 004, we identiﬁed a
mutation in LRP5 (NM_001291902 p.D559V), a gene previously
reported to mediate EGFR and c-Met TKIs, erlotinib, and SU11274
resistance (25).
SCNA in patients with ALKþ NSCLC
We then assessed the SCNA landscape in ALKþ primary
tumors from 10 patients. Given the absence of published
SCNA data in patients with ALKþ NSCLC, we compared our

www.aacrjournals.org

0.8

ATPAF1

0

TOE1

ZXDC TP53

0

RB1

0.3

DCLK1
TLCD2

0.6

Pre VAF

cohort with the Cancer Genome Atlas (TCGA) data for lung
adenocarcinoma, which includes ALK and potentially some
ALKþ patients (3). We observed a similar SCNA proﬁle compared with TCGA data with the main gains occurring on chr1q,
chr5p, chr7p and major losses on chr17p and chr18q (Fig. 4A
and B). Despite the small size of our cohort, we also identiﬁed
several differences between our ALKþ samples and lung adenocarcinoma, including losses occurring in chr2p (speciﬁcally
at the ALK locus), and gains in chr5q. We next used the
Nexus Copy Number predictive survival power tool to identify
regions associated with crizotinib-related PFS. Overall, 190
regions were signiﬁcantly associated with PFS (permutated P
< 0.1), including 120 losses and 70 gains (Supplementary
Table S4). Notably, three of these regions contained genes
associated with ALKþ NSCLC, including ALK itself and two
known fusion partners KIF5B and EML4. While loss of ALK is
associated with shorter PFS (Fig. 4C), we observed that a gain of
EML4 is associated with a longer PFS (Fig. 4D). Despite the
absence of EGFR somatic mutations in our cohort, a known
mechanism of resistance to crizotinib, we observed an association between the ampliﬁcation of the EGFR locus and a
shorter PFS (Fig. 4E). Interestingly, only the poor responder
group (3/3) had a cooccurrence of ALK loss and EGFR ampliﬁcation. These observations will be interesting to further assess
in a larger cohort.
Surprisingly, considering the size of our cohort, three ampliﬁed regions (chr4:41,496,634–41,511,536; chr4:186,272,784–
186,295,411; and chr4:183,549,846–184,616,629) showed
high signiﬁcance in predicting better PFS. Using RNAseq data
from TCGA lung adenocarcinoma publicly available on the
human protein atlas (www.proteinatlas.org), we observed that
higher expression of certain genes contained in these intervals
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Figure 3.
Heterogeneity in patients with paired samples.
Venn diagram showing the number of genes
mutated in primary, metastasis, or both for
patient 004 (A) and patient 011 (B). Scatter plot
showing the VAF for each common mutation
between primary and metastatic lesion for
patient 004 (C) and patient 011 (D). In gray are
the mutations with similar VAF between primary
and metastasis. In blue, mutations with VAF
higher in the primary lesion. In orange, mutations
with VAF higher in the metastatic lesion.
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Figure 4.
SCNA proﬁle shows speciﬁc ALKþ NSCLC structural variants associated with PFS. A, SCNA proﬁle from this cohort (n ¼ 10); signiﬁcant regions are in gray.
B, SCNA proﬁle from TCGA lung adenocarcinoma data (Nexus TCGA premier, n ¼ 244); signiﬁcant regions are in gray. Three examples of regions signiﬁcantly
associated with PFS: ALK (C), EML4 (D), and EGFR (E).

(SNX25, LRP2BP, and LIMCH1) is also signiﬁcantly associated
with longer overall survival.

Discussion
To date, the mutational and copy number landscapes of
ALKþ NSCLC tumors have not been well characterized. In this
study, we identiﬁed rare ALK fusion partners: ERC1, SLC16A7,
HIP1, and GCC2, as well as copy number aberrations associated
with PFS.
The ﬁrst challenge in proﬁling studies occurs during sample
collection. Good quality biopsies are difﬁcult to obtain from
patients with lung cancer, and in this study 50% of the samples
failed at the HQC step (low cellularity) and consequently were
not used for further analysis. As a vast proportion of ALK-TKI
inhibitor resistance is mediated by off-target effects (7, 8), we
believe that future studies should include genomic and transcriptomic data to fully uncover these mechanisms. Despite being able
to identify a mutation (TP53) and copy number aberrations
associated with response to crizotinib, our limited number of
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RNA samples impaired our capacity to interrogate similar changes
in gene expression of speciﬁc pathways, which may have unveiled
novel mechanisms of resistance to crizotinib in the absence of
ALK mutations.
In cancer, intrinsic and acquired resistances are often driven by
different mechanisms. In one case, a total absence of response is
noted and in theory no selection pressure has been applied on the
tumor. On the other hand, acquired resistance mechanisms
appear following a period of response to a speciﬁc intervention
and are the result of emergence of new mutations, genomic
events, or changes in gene expression favoring tumor growth.
Intrinsic and acquired resistance mechanisms are highly heterogeneous. In the case of crizotinib, several studies reported
mechanisms of acquired resistance mainly involving mutations
in the ALK gene (26). In this study, we were able to obtain only
one postbiopsy from a patient with acquired resistance and an
ALK-G1220R mutation was detected which is known to induce
crizotinib resistance. Recent studies showed a clear association
between TP53 mutation and worse PFS (23, 27), and we were able
to observe a similar effect in our cohort with 3 of 3 intrinsically
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observations in crizotinib or other ALK-TKI–treated patients
with ALKþ NSCLC. Priority should be given to further conﬁrm
and validate TP53 mutation as a poor prognostic indicator in
patients treated with ALK-TKIs.
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