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Lung cancer in young patients is an uncommon and understudied entity that harbors distinctive epidemiological, clinic-
demographic, and genomic features. We carried out a systematic review of genomic profiling in young patients with
lung cancer from 2010 to 2020 in the main electronic databases and selected 23 manuscripts. Lung cancer in young
patients occurs more frequently in women with adenocarcinoma histology and at more advanced stages. Some
studies report higher oncogenic genomic alteration in this population, with higher anaplastic lymphoma kinase
rearrangements, a distinct profile of epidermal growth factor receptor mutations, and other novel genomic
alterations. Although still uncommon, the implementation of next-generation sequencing (NGS) has shed some light
on germline genomic alterations associated with lung cancer in young patients. Although outcomes when compared
with the older population are conflicting, the overall prognosis is still poor in this subset of patients and efforts to
find targetable genomic alterations should be made to improve survival.
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INTRODUCTION

Lung cancer is one of the most common malignancies
worldwide. An estimated 2.1 million new cases of lung
cancer (11.6% of all new tumors) and 1.8 million deaths
(18.4%) were predicted for 2018.1 Although the mortality
rate has declined in the last years, lung cancer is still the
leading cause of cancer deaths.2 Lung cancer is not preva-
lent among adolescents and young adults (AYA), however,
according to Cancer Statistics 2016 and the Surveillance,
Epidemiology, and End Results (SEER) Program 18 database
from 2009 to 2013, it is estimated that around 13 000 young
adults will die from lung cancer in the United States each
year.3 The aforementioned bad prognosis together with the
distinct clinico-pathological features and different genomic
alterations makes lung cancer in AYA an interesting field of
research. In this review, we aim to summarize the published
reports on genomic profiling in AYA with lung cancer
[focusing on non-small-cell lung cancer (NSCLC)] in the last
10 years.
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MATERIALS AND METHODS

Review design

This review was carried out according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines.
Data sources and search strategy

We searched the electronic databases MEDLINE, Pubmed
Central, Embase, and the Cochrane Library CENTRAL to
identify all relevant records from January 2010 to May 2020.
Our search strategy was restricted to manuscripts that
included ‘lung adenocarcinoma’ or ‘lung malignancies’ or
‘lung cancer’ or ‘lung carcinomas’ and ‘young*’ in the title.
Inclusion and exclusion criteria

We included manuscripts written in English. We included
papers whose cut-off value for ‘young patient’ was age �50
years and that studied any germline or somatic genomic
alteration. We excluded manuscripts focusing on other
histologies than NSCLC. Case reports and reviews were
excluded.
Study selection, data extraction, and quality assessment

The lead author (DV) carried out the first screening of the
article. Another author (DM) validated the screening. DV
https://doi.org/10.1016/j.esmoop.2020.100045 1
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Figure 1. PRISMA flow diagram of the literature search.
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and DM both assessed full-text articles. Discrepancies were
discussed to reach a consensus. Two independent reviewers
(JdC, OH) assessed study quality. The study was conducted
in compliance with local ethics regulations. We included
both clinical trials and observational studies.
RESULTS

Within a multistep process, we screened 230 records for
duplicates and eligibility, resulting in 66 publications un-
dergoing abstract/full-text screening (Figure 1). We found
45 retrospective studies on AYAs with lung cancer.4-48

Fourteen were reports from national databases. Our final
selection for genomic profiling in AYA with lung cancer
included 23 studies4,7-9,11,13-26,40,41,43,44 (Table 1).
Age cut-off value

The AYA patient is generally defined as an individual 15 to
39 years of age at the time of initial cancer diagnosis.49

However, the age cut-off in patients with lung cancer is
still under debate and varies widely among studies. Of the
45 records included from 2010 to 2020, only 40% used 40
years as the cut-off value. Other reports chose a cut-off
value between 30 and 50 years of age. The reason for
these discrepancies may reflect that age is a continuum
variable and differences in risk factors, clinico-pathological
characteristics, and genetics may be observed across
every range of ages. Even in patients between 15 to 39
years, some differences may be seen. For instance, Liu
et al.34 found that patients aged �30 years compared with
patients between 30 and 39 years had a higher proportion
of adenocarcinoma, a lower proportion of large cell carci-
noma, a higher proportion of stage I disease, and better
2 https://doi.org/10.1016/j.esmoop.2020.100045
lung-cancer-specific survival. Sacher et al.19 studied the
frequency of targetable genomic alterations across small
age groupings (5 years each) to look for an age cut-point
where the likelihood of harboring a targetable genotype
changes, finding a drop in the incidence of targetable ge-
notypes above age 50 years.

Demographics and clinico-pathological characteristics

The median age at diagnosis of lung cancer is 71 years.
However, 30% of patients are diagnosed at less than 65
years.3 Lung cancer is rare among AYAs, with an estimated
incidence of fewer than 15 000 cases per year (0.2% of the
total lung cancer diagnoses) in patients aged <35 years.1

Although it is the 18th incident tumor type among AYAs,
it rises to the 11th position for the mortality rate. The
incidence of lung cancer in AYAs seems to be decreasing
over time. For example, in the USA, the incidence of NSCLC
decreased in the young (aged <40 years) between 1975
and 2010 (0.9/100 000 in 1975 versus 0.4/100 000 in 2010
in females and 1.1/100 000 in 1975 versus 0.4/100 000 in
2010 in males),35 although these data must be interpreted
cautiously.

Regarding sex, the historical patterns of higher incidence
of lung cancer among men have reversed among non-
Hispanic Whites and Hispanics. Among non-Hispanic
Whites, the female-to-male incidence rate exceeded 1.0 in
patients aged 30 to 49 years,50 and this change is not fully
explained by sex differences in smoking behaviors. Most of
the reports published to date found a higher percentage of
young women with lung cancer.11,15,17,19,21,23,32,35,38,43,45

Historically, smoking prevalence was considerably higher
among men than women. However, among Whites, sex
differences have disappeared among people born during
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Table 1. Studies addressing the genomic profiling of young patients with lung cancer from 2010 to 2020

Manuscript, location Age cut-off
(years)

Population Technique Oncogenic
genomic
alteration (%)

EGFR (%) ALK (%) ROS1 (%) BRAF (%) RET (%) HER2 (%) Other (%)

Tian et al., 2020
West China Hospitala

50 NSCLC� ALKþ.
N ¼ 101
Y ¼ 52

NGS e e EML4-ALK: 80.8
versus 79.6
EML4-ALK v1: 38.5
versus 14.3; P < 0.01
EML4-ALK v2: 1.9
versus 8.2 P ¼ 0.19
EML4-ALK v3: 28.9
versus 40.8; P ¼ 0.21
Non-EML4-ALK: 19
versus 21; P ¼ 1.0
ALKm/TP53 mut: 34.5
versus 13.3; P ¼ 0.07

e e e e e

Yang et al., 2019
Zhejiang Cancer
Hospitala

40 Localized NSCLC
N ¼ 640
Y ¼ 54

rtPCR 76.7 versus
71.8;
P ¼ 0.49

48.8 versus 48 6.9 versus 3.3 6.9 versus 1.5 0 versus 1 9.3 versus 1 0 versus 2 KRAS: 2 versus 5.6
PI3KCA: 2 versus 2
Fusion genes: 23.3
versus 5.9;
P < 0.01

Suidan et al., 2019
Davidoff Cancer Center,
Rabin Medical Center,
Israela

50 Lung cancer
N ¼ 186
Y ¼ 62

rtPCR (24),
NGS (78)

63 versus 43 23 versus 18; P ¼ 0.4 13 versus 2; P < 0.01 e e e e Other genomic
alterations (MET,
KRAS, HER2, TP53,
MYC, BRAF,
BRCA1-2, APC):
27 versus 23;
P ¼ 0.45

Pan et al., 2018
Jinling Hospital, China

40 NSCLC
N ¼ 272
LUAD
N ¼ 194

LUAD: rtPCR
(EGFR)
IHC (ALK)
FISH (ROS1)

e 40 (29/73) 34 (25/74) 14 (1/7) e e e e

Hsu et al., 2016
National Taiwan Lung
Cancer Registrya

45 Lung cancer
N ¼ 21536
Y ¼ 1074

rtPCR,
PCR,
Sanger

e 52.5 versus 60.6;
P < 0.01

e e e e e e

Wu et al., 2018
National Taiwan
University Hospitala

50 Stage IV LUAD
N ¼ 872
Y ¼ 142

rtPCR 91 versus 84;
P ¼ 0.03

60 versus 67, P ¼ 0.09
Uncommon mutations:
18 versus 9; P ¼ 0.02

18.4 versus 5;
P < 0.01a

6 versus 1;
P < 0.01

0.7 versus 1.6;
P > 0.05

1.4 versus 2.1;
P > 0.05

5 versus 2.7;
P > 0.05

KRAS: 0.7 versus
1.9; P > 0.05
PIK3CA: 0
versus 1.8
JAK2: 0 versus 0.6

Wu et al., 2017
National Taiwan
University Hospitala

50 LUAD
N ¼ 1039
Y ¼ 161

rtPCR e 57.8 versus 66.1;
P ¼ 0.04
Uncommon mutations:
13.7 versus 8.4;
P ¼ 0.03

e e e e e e

Hou et al., 2018
Hospital of Qingdao
Universitya

45 Resected LUAD
N ¼ 177
Y ¼ 87

NGS 90.8 versus
85.6;
P < 0.01

56.3 versus 52.2;
P ¼ 0.65
Concurrent TP53 mut:
81.6
versus 46.8; P < 0.001

16.1 versus 1.1;
P < 0.01

0 versus 3.3;
P ¼ 0.24

3.4 versus 1.1;
P ¼ 0.36

1.1 versus 1.1;
P ¼ 1.0

13.8 versus 4.4;
P ¼ 0.03

KRAS: 3.4 versus
18.9; P < 0.01
STK11: 1.1 versus
8.9; P ¼ 0.03
MET: 0 versus
2.2; P ¼ 0.49
TP53: 56.3 versus
48.9; P ¼ 0.36
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Table 1. Continued

Manuscript, location Age cut-off
(years)

Population Technique Oncogenic
genomic
alteration (%)

EGFR (%) ALK (%) ROS1 (%) BRAF (%) RET (%) HER2 (%) Other (%)

Chen et al., 2019
First Affiliated Hospital,
Zhejiang University

35 LUAD
N ¼ 89

NGS
IHC for ALK
and ROS1

67 21.3 16.9 1.1 3.4 - 24.7 TP53: 9
PI3KCA: 1.1

Chen et al., 2019
Affiliated Cancer
Hospital of Zhengzhou
Universitya

40 LUAD
N ¼ 1000
Y ¼ 181

NGS 84 versus 66;
P < 0.01

34.3 versus 50.1
P < 0.01
Ex19del: 75.5 versus
40.2; P < 0.01
L858R: 16.1 versus
43.9; P < 0.01
G719X: 0 versus 4.6;
P < 0.01
L861Q: 0 versus 2.4;
P < 0.01
Ex20ins: 8.1 versus 1.2;
P < 0.01
T790M: 0 versus 5.1;
P < 0.01

37.6 versus 4.0;
P < 0.01

1.7 versus 1.0;
P ¼ 0.25

e e 2.2 versus 1.1;
P ¼ 0.23

KRAS: 6.1 versus
10.4; P ¼ 0.07
MET: 2.2 versus
0.2; P < 0.01

Tanaka et al., 2017
Aichi Cancer Center
Hospitala

40 LUAD
N ¼ 1746
Y ¼ 81

NGS 62 29.6 versus 45.4;
P < 0.01
Ex19del: 75 versus 43;
P < 0.01
L858R: 17 versus 48;
P < 0.01
Ex20ins: 8 versus 1;
P < 0.01
G719X: 0 versus 4;
P ¼ 0.32
L861X: 0 versus 1;
P ¼ 0.63

40.7 versus 4.2;
P < 0.01

2.4 versus 0.001;
P ¼ 0.02

0 versus 0.4;
P ¼ 0.5

2.5 versus 0.01;
P ¼ 0.1

4.9 versus 1.1;
P < 0.01

KRAS: 2.2 versus
9.9; P: 0.02

Sacher et al., 2016
Dana-Farber/Harvard
Cancer Centera

40 NSCLC
N ¼ 2237
Y ¼ 81

NGS, Sanger,
PCR, FISH
(ALK and ROS1)

68 versus 52;
P < 0.01

47 versus 40;
P ¼ 0.01

25 versus 1;
P < 0.01

6 versus 1;
P ¼ 0.1

0 versus 3;
P ¼ 0.12

e 2 versus 3;
P ¼ 0.15

KRAS: 9 versus
27; P < 0.01

Yang et al., 2019
General Hospital of
Chinesea

36 LUAD
N ¼ 44
Y ¼ 20

Somatic and
germline WES
ALK IHC

60 versus 58 35 versus 58.3;
P ¼ 0.12

25 versus 0;
P ¼ 0.50

e e e e KRAS: 0 versus
8.3; P ¼ 0.55
TP53: 35 versus
41.7; P ¼ 0.88
FRG1: 40 versus
12.5; P ¼ 0.08
KMT2: 50 versus
16.7; P ¼ 0.04
N somatic
mut/tumor:
92 versus 84;
P: 0.42

Kim et al., 2012
Inha University
Hospital, Koreaa

40 NSCLC
N ¼ 1147
Y ¼ 52

IHC for EGFR
and ALK

26 versus
31.9

22.6 versus 26.9;
P ¼ 0.60

3.2 versus 5.0;
P ¼ 0.86

e e e e e

Wang et al., 2015
First Affiliated Hospital,
Zhejiang University

30 Lung cancer
N ¼ 41

pyroPCR for
EGFR
FISH for ALK
IHC for ROS1

68 22.7 27.2 11.7 e e e KRAS: 11.7
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Table 1. Continued

Manuscript, location Age cut-off
(years)

Population Technique Oncogenic
genomic
alteration (%)

EGFR (%) ALK (%) ROS1 (%) BRAF (%) RET (%) HER2 (%) Other (%)

Catania et al., 2015
Tumor Registry IEO

40 Lung cancer,
N ¼ 2847
Y ¼ 100

rtPCR and FISH 55.8 14.7 26.4 e e e 0 PI3KA: 2.9
KRAS: 14.7

Ye et al., 2014
Fudan University
Shanghai Cancer
Centera

40 Resected LUAD
N ¼ 123
Y ¼ 36

rtPCR,
FISH for ALK
and RET

69.5 versus
78.2;
P ¼ 0.39

52.8 versus 63.2;
P ¼ 0.13
Ex19: 73.7 versus 49.1
Ex20: 5.3 versus 3.6
Ex21: 21.0 versus 47.3

5.6 versus 4.6 e 0 versus 3.4 2.8 versus 1.1 0 versus 2.3 KRAS: 8.3
versus 3.4
TP53: 72.2
versus 25.3;
P < 0.01
LKB1: 11.1
versus 11.5;
P ¼ 0.95

VandenBussche et al.,
2014
Johns Hopkins Medical
Institutions, Baltimore

50 NSCLC with
molecular
testing
N ¼ 53

pyroPCR
and NGS
FISH (ALK)

52.8 20 11.6 e 0 e e KRAS: 25.5

Luo et al., 2018
West China Hospital

45 Never-smoking
resected LUAD
N ¼ 36

WGS 63.9 25 17 e 14 8 e MET: 14
Mean somatic
mutation rate:
4.7 mut/MB.

He et al., 2020
Taipei Veterans
General Hospitala

40 NSCLC
N ¼ 5051
Y ¼ 168

rtPCR for EGFR
IHC for ALK

22.6 versus 16.2;
P ¼ 0.02

4.2 versus 0.5;
P < 0.01

e e e e e

Hou et al., 2020
cBioPortal for Cancer
Genomics databasea

45 LUAD
N ¼ 773
Y ¼ 42

NGS 59.6 versus
33.7;
P < 0.01

30.9 versus 17.3;
P < 0.01

9.5 versus 2.8;
P ¼ 0.01

4.7 versus 1.9;
P ¼ 0.05

2.3 versus 2.0;
P ¼ 0.05

9.5 versus 1.0;
P < 0.01

0 versus 3.0;
P ¼ 0.72

MET: 2.3
versus 5.6;
P ¼ 0.06
KRAS: 4.7
versus 32.2;
P < 0.01

Zhong et al., 2018
First Affiliated Hospital
of Medical College,
Zhejiang Universitya

40 Lung cancer
N ¼ 439
Y ¼ 272

rtPCR e 41.3 versus 43.9;
P ¼ 0.76
EGFR mutation types:
P < 0.01
Ex19del: 30.4 versus
14.0
L858R: 8.7 versus 21.1
Other types: 2.2
versus 8.8
Wild type: 58.7
versus 56.1

17.0 versus 4.1;
P < 0.01

0 versus 2.1;
P ¼ 0.45

e e e e

Scarpino et al., 2016
Sant'Andrea Hospital of
Romea

50 LUAD
N ¼ 789
Y ¼ 78

RtPCR for EGFR
FISH for
ALK and ROS1

e 12.8 versus 16 18 versus 6 8.6 versus 1 e e e e

ALK, anaplastic lymphoma kinase; APC, adenomatous polyposis coli; BRAF, v-Raf murine sarcoma viral oncogene homolog B; BRCA1, breast cancer type 1; CT, chemotherapy; EGFR, epidermal growth factor receptor; Ex19del, exon 19 deletion;
Ex20ins, exon 20 insertion; FISH, fluorescence in situ hybridization; HER2, human epidermal growth factor receptor 2; IEO, Instituto Europeo di Oncologia; IHC, immunohistochemistry; JAK2, Janus quinasa 2; KRAS, Kirsten rat sarcoma viral
oncogene homolog; LKB1, Liver Kinase B1; LUAD, lung adenocarcinoma; MB, megabase; MET, mesenchymal epithelial transition receptor; MYC, MYC proto-oncogene; NGS, next-generation sequencing; NSCLC, non-small-cell lung cancer; PI3K,
phosphatidylinositol-4,5-bisphosphate 3-kinase; RET, rearranged during transfection gene; ROS1, c-ROS oncogene 1; STK11, Serine/Threonine Kinase 11; TP53, tumor protein p53; WES, whole exome sequencing; WGS, whole genome sequencing;
Y, young.
a Comparative studies: young versus old patients.
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the 1960s and after.39 In patients with lung cancer, many
studies that compare smoking history between young and
old patients found significantly less exposure to tobacco in
young lung cancer patients.4,7,11,14,15,17,19,21,23,24,28,37,40,43

Although most of the reports were carried out in Asia,
some articles analyzed ethnic differences in the United
States' population, showing a significantly higher percent of
Asian and African-American patients among the younger
patients.19,32,35,38,45

The histological pattern also seems to differ. NSCLC
is still the most common type of lung cancer, but
adenocarcinoma is even more common in younger
patients.7,11,19,21,23,28,32,35-38,40,43,45 Rich et al.36 divided
patients with NSCLC extracted from the English National
Lung Cancer Audit in six age groups from <39 to >80
years and showed a progressive decrease in the percent of
adenocarcinoma from 48% in those aged <39 years to
31% in those aged >80 years.

Previous reports have shown that younger patients tend to
present later, withmore symptoms, andwith tumors at amore
advanced stage.51 This is probably due to the lack of suspicion,
the denial of the patient, and the better performance status
of young patients that could mask early symptoms.
Data regarding the stage at presentation are conflicting;
nevertheless, most of the studies15,17-19,21,23,32,35,38,40,43,45

show a significantly higher percentage of young patients pre-
senting with metastatic disease.
Genomic profiling in AYA with lung cancer

The reduced involvement of tobacco and the higher percent
of adenocarcinoma histology may unveil a different
genomic background of lung cancer in AYAs. This is espe-
cially relevant in this era of personalized medicine and
targeted therapy. An increasing number of reports are
finding differences between old and young patients with
lung adenocarcinoma (LUAD) (Table 1). However, although
retrospective data in patients with Asian ethnicity are
available, few studies conducted in other populations pro-
vide information about the genomic profiling of the
tumors,8,19,23,25,44 thus challenging the generalization of the
results. Another limitation of the interpretation of the re-
sults is that some of the studies have carried out molecular
assessment only in patients with localized lung
cancer.7,15,24,26

To date, some authors have reported interesting results
regarding the percentage of oncogenic genomic alterations
(OGA) in young LUAD patients compared with old patients.
Four13,15,17,19 out of six comparative reports with more than
two genomic alterations found that younger patients with
LUAD had a significantly higher percent of OGA. Among
these studies, Chen et al.17 had the largest cohort of young
LUAD patients (N ¼ 181) and showed that 84% of young
Asian patients (aged <40 years) harbored a targetable
genomic alteration, compared with 66% in the older
counterpart. Sacher et al.19 recently published a retro-
spective study at the Dana-Farber Cancer Institute including
2237 patients of all races with NSCLC that had genotyping
6 https://doi.org/10.1016/j.esmoop.2020.100045
per standard protocol [including next-generation
sequencing (NGS) in the past few years]. Among those pa-
tients that underwent testing for all five targetable genomic
alterations at that time [epidermal growth factor receptor
(EGFR), anaplastic lymphoma kinase (ALK), ROS1, human
epidermal growth factor receptor 2 (HER2), and v-Raf
murine sarcoma viral oncogene homolog B (BRAF)], an
increased frequency of a targetable genotype was seen in
patients aged 50 years or younger (68% versus 52%;
P < 0.01). Other descriptive studies have found 52%-91% of
OGA in young patients with AYA.9,16,18,22,23,25,26,38,41

Regarding EGFR mutations in young patients with LUAD,
there have been some discrepancies. The PIONEER study52

was a prospective, epidemiological study of EGFR muta-
tions in Asian patients with LUAD and did not find any sig-
nificant correlation with age (P ¼ 0.565). The prevalence of
EGFR mutations varies widely between studies included in
this systematic review, probably due to ethnicity and the
retrospective nature of the studies. Only seven11,14,17-19,41,42

out of fourteen studies found statistically significant differ-
ences in the prevalence of EGFRmutations across age groups
(see Table 1). However, four12,15,18,19 out of these seven
studies found a significantly higher percentage of EGFR mu-
tations among older patients with LUAD. One of the three
studies that found significant differences in favor of young
patients was the one carried out with a Caucasian popula-
tion.20 Interestingly, the specific EGFR mutation may vary
between young and old patients. At least three studies
showed that EGFR Del19 is significantly more prevalent
among young patients and L858R is more prevalent among
older patients.17,18,43 Two studies by Wu et al.13,14 pointed
out that although common mutations were less prevalent,
uncommon mutations are more frequent among young pa-
tients (18% versus 9%; P ¼ 0.02 and 13.7% versus 8.4%; P ¼
0.03, respectively). Chen et al.17 and Tanaka et al.18 found
that insertions in exon 20 are more prevalent among young
patients, with a prevalence of 8% versus 1% approximately in
both studies. Additionally, Chen et al.17 found that de novo
T790M was significantly more prevalent among older
patients. Concurrent TP53 mutation is now considered a
negative prognostic factor in patients with EGFR-mutated
LUAD that receive EGFR-TKIs.53 A Chinese report found that
concurrent TP53 mutation was more prevalent among young
patients.15

Gene fusions such as ALK, ROS, and RET rearrangements,
though uncommon, are among the most frequent gene
alterations that can be targeted in lung cancer.54 It has been
shown that young lung cancer patients harbor gene fusions
more frequently than their older counterparts (23.3%
versus 5.9% respectively; P < 0.01; in a study by Yang
et al.7). Among them, ALK rearrangements are probably the
most frequent gene fusions in the young population. Me-
dian age of patients with ALK-positive lung cancer included
in phase III clinical trials varies between 50 and 60 years,55-
57 while the estimated median age for unselected patients
with lung cancer is approximately 70 years.58 In retrospec-
tive series included in this review, the prevalence of ALK
rearrangement in AYAs is as much as 34% among the young
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Asian population.9 Studies in the US,19,25 Europe,23 and
Latin America10 also show a prevalence of ALK rearrange-
ments between 10% and 25% of AYAs with LUAD.
Nine8,13,15,17-19,40,41,43 out of eleven studies that compared
the prevalence of ALK rearrangements between young and
old populations with NSCLC confirmed a higher, statistically
significant percentage of ALK mutations in the younger
group. In fact, in the study by Sacher et al.,19 ALK rear-
rangements were the only genetic alteration with a positive
significant association with younger age in the multivariate
analysis. Tian et al. analyzed the differences between young
and old patients with ALK rearrangements.4 The most
frequently occurring ALK fusion partner was EML4 (80.8% of
young patients). Compared with the older patients, patients
with early-onset disease were more likely to harbor EML4-
ALK variant 1 (38.5% versus 14.3%; P ¼ 0.007). Rare ALK
fusions partners were also identified in the young cohort,
including CHRNA7-ALK, TACR1-ALK, HIP1-ALK, DYSF-ALK,
and ITGAV-ALK. It was also suggested that concomitant
TP53 is more prevalent among young patients.

At least some of the published data also showed a higher
frequency of ROS1 rearrangements in young patients with
LUAD,7,13,18,19,44 although the prevalence of this alteration
is lower than ALK (0%-6.9% in AYAs). Median age of pa-
tients with ROS-1 rearranged NSCLC in clinical trials varies
between 53 and 55 years.59-61

Prevalence of RET alterations among young patients
varies between 1.4% and 9.3%.8,14,16,19,25,27,41 Four
comparative studies have addressed alterations in RET.
Three of them did not find significant differences between
age groups.14,16,19,41 Hou et al.41 analyzed data from pa-
tients with LUAD and NGS available from the cBioPortal for
Cancer Genomics database and found that 9.5% of patients
aged <45 years compared with 1% of older patients
harbored RET fusions. In the LIBRETTO-001 trial, median age
of patients with RET-fusion-positive NSCLC was 61 years.62

NTRK fusions are common in rare pediatric cancers.
Among AYAs, median age varies from 48 to 58 years.63

However, the low frequency of this alteration limits the
interpretation of the results. None of the studies included in
our analysis were carried out on patients with NTRK fusions.

HER2 alterations might also be more frequent among
AYAs, with two studies reporting significant differences
when compared with older patients (Hou et al.15 described
13.8% of HER2 amplification in young patients compared
with 4.4% in older patients). Conversely, six studies did not
show differences among age groups according to HER2
status (see Table 1). Few studies have addressed alterations
in MET, and results are inconclusive. In a report on 36 Asian,
non-smoking LUAD patients <45 years old, the prevalence
was 14%.26 Other reports showed a prevalence of 0% to 2%
of MET alterations among young patients.15,17 Patients with
MET-altered NSCLC included in clinical trials seem to be
older than patients with other genotypes with approved
targeted therapies (up to 74 years, depending on the trial
and cohorts).64,65

On the contrary, BRAF and Kirsten rat sarcoma viral
oncogene homolog (KRAS) mutations seem to be more
Volume 6 - Issue 1 - 2021
frequent in the older populations, with at least three
reports15,18,41 showing significant differences between old
and young patients. Sacher et al.19 found a significant as-
sociation between age and the frequency of KRAS mutation.
Patients aged less than 40, 40-49, 50-59, 60-69, and more
than 70 years old had a frequency of 9%, 13%, 26%, 34%,
and 27%, respectively. In this study, BRAF and KRAS were
independently associated with older age at diagnosis in the
multivariate analysis (P < 0.01 and P ¼ 0.04, respectively).

The recent implementation of NGS in clinical practice for
genomic profiling may shed some light on new potential
targets in young patients with LUAD, but at the moment
there have been few reports with this technique. Luo
et al.26 reported that in 36 never-smoking patients with
LUAD younger than 45 years old, the mean somatic muta-
tion rate was 4.7 per megabase (Mb), lower than that of
LUAD from the TCGA cohort (8.87 per Mb). Patients aged
older than 40 years and those with somatic TP53 mutation
carried a higher somatic mutation rate than patients aged
40 years or younger (P ¼ 0.035 and P < 0.01, respectively).
They also identified several potential lung-cancer-associated
gene mutations in young patients that were rarely reported
(e.g. HOXA4 and MST1). Yang et al.20 reported in 20 patients
with LUAD and �36 years a similar number of somatic
mutations per tumor than their older counterparts. Muta-
tions in FRG1 and KMT2C were associated with a younger
age especially after correcting for tobacco smoking and sex.
Hou et al.15 analyzed 71 surgically resected lung adeno-
carcinoma tissue samples from patients aged less than 45
years and compared them with LUAD tissue from older
patients. A significant difference was seen between the
younger and the older groups in a targeted genetic profile
identified by NGS (90.8 versus 85.6; P < 0.001). Most
importantly, 80.5% of younger patients harbored genetic
alterations mapping to therapies approved by the National
Comprehensive Cancer Network (NCCN) Guidelines (version
1.2018 updates, Non-Small-Cell Lung Cancer) compared
with 54.4% (49/90) of older patients.

At this moment, several guidelines favor NGS rather than
multiple single-gene tests as the preferred test to identify
actionable oncogenic drivers.66 It is becoming clear that
selecting the adequate NGS-based assay is important
because each technique has its own caveats. DNA-based
large-gene-panel NGS assay is probably the most widely
available test for broad molecular sequencing of cancer
patients. In fact, the FDA approved FoundationOne CDx
(F1CDx) and MSK-IMPACT67-69 in 2017. However, DNA-
based NGS assays may lead to false-negative gene fusion
results due to inadequate coverage of long introns and the
presence of intronic repetitive sequence elements also
recurrently found across the genome. Furthermore, DNA-
based NGS assays do not provide direct evidence of the
mRNA expression of the rearrangement which may limit the
interpretation of the rearrangements that seem nonca-
nonical at the genomic DNA level.70,71 In an effort to assess
the yield of RNA sequencing for targetable kinase fusions in
LUAD, Benayed et al. carried out a targeted RNA sequencing
in patients with no driver alteration found by DNA
https://doi.org/10.1016/j.esmoop.2020.100045 7
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sequencing (MSK-IMPACT) and found that a previously
undetected alteration was identified in 36 of the 254 cases
(14%). This percentage of patients was even higher (31%)
when selecting patients with low tumor mutational burden
(TMB) (0-5 mutations/megabase). ROS1 was the most
commonly detected fusion among patients with DNA-
sequenced driver-negative tumors (10 out of 36 cases).70

This is especially relevant among AYAs, as they more
frequently harbor tumors with targetable kinase fusions.

Germline genomic alterations in young patients with lung
cancer

Patients with lung cancer have not been considered as
having a high inherited predisposition to cancer. Familial
aggregation varies widely across the studies (from 1% to
30%) and only one comparative study found significant
differences between young and old patients.

Recently, some germline genomic alterations have been
associated with lung cancer syndromes, including
EGFRT790M, TP53, BRCA, HER2, YAP1, and CHECK2 among
others,72 thus bringing back the question as to whether we
should test for germline genetic alterations, especially in
AYAs with lung cancer. NCCN and ESMO guidelines recom-
mend performing germline analysis of EGFRT790M in pa-
tients with de novo somatic EGFRT790M mutation.67,69

Some of the manuscripts selected in our review provide
some information. Yang et al.20 studied the prevalence of
germline mutations in young LUAD, finding five germline
mutations out of 20 patients; one of them showed a likely
pathogenic variant (p.R141H) in TP53, which is known to
cause LieFraumeni syndrome. The other mutations were
two pathogenic variants in the ELAC2 gene (an endonu-
clease involved in the maturation of tRNA), which are not
known to cause hereditary cancer syndromes, and two
variants in the TGFBR gene, with conflicting evidence about
its pathogenicity. Luo et al.26 studied 36 young LUAD pa-
tients with whole-genome sequencing and found that 78%
of them carried at least one pathogenic mutation in 35
different genes. Six of these genes (BPIFB1, CHD4, PARP1,
NUDT1, RAD52, and MFI2) were significantly enriched in
comparison with a noncancer database. Mezquita et al.73

recently reported a cohort of 21 lung cancer patients with
LieFraumeni syndrome and genomic profiling was carried
out. They found that 90% of them had somatic oncogenic
driver mutations, including EGFR mutations in 18 (exon 19
deletion in 12 cases, L858R in three cases, and G719A, exon
20 insertion, among others) and ROS1 fusion in one case.
Additionally, a study carried out by Hu et al. in 2018 found
that 1% of NSCLC (64/6220 patients) harbored a pathogenic
BRCA1/2 mutation. The prevalence among patients with
early-onset disease (aged <50 years) was significantly
higher.74

The increasing availability of NGS in clinical practice may
help to identify patients with suspicious somatic mutations,
especially EGFRT790MF, BRCA, and TP53, that may even-
tually harbor a germline alteration. Case-by-case discussion
on molecular tumor boards is recommended.
8 https://doi.org/10.1016/j.esmoop.2020.100045
Treatment and prognosis in young patients with lung
cancer

Some reports concluded that survival was similar
between AYAs and older patients,8,17,21,23,24,51,75-78 while
others found that young patients performed
better.28,34,35,38,40,45,79,80 One of the largest studies that
used the National Cancer Database (NCDB) including
173 856 patients from 2003 to 2009 found that 5-year
survival was significantly better for younger patients (P <
0.001), although this difference was more clinically signifi-
cant in early stages. The absolute difference in 5-year
overall survival (OS) at stages I and II (AJCC seventh-edi-
tion staging) between both groups was 25%, while at stage
IV was only 2%.

Performing thorough genomic profiling can have an
impact on the treatment of young patients. In a Middle-East
single-center report that carried out NGS on half of the
cohort of young patients, it was found that molecular
testing affected treatment decisions more for younger pa-
tients (39% versus 22%; P ¼ 0.002) and that significantly
more patients finally received matched targeted therapy
(48% versus 23% P ¼ 0.001). Other reports did not find such
a difference.17

Some reports have studied the efficacy of targeted
therapy among AYAs with lung cancer. Tian et al.4 reported
the efficacy of crizotinib in patients aged <50 versus 50
years or older and found that younger patients had a sta-
tistically significant longer progression-free survival (PFS)
(17.5 months versus 9.0 months, respectively; P ¼ 0.04).
Other reports did not find any difference in survival in pa-
tients treated with EGFR tyrosine kinase inhibitors (TKIs) or
ALK-TKIs therapy according to age.17,18 It is important to
point out that young patients harboring driver genomic
alterations may have concomitant genomic features that
modify the response to treatment and prognosis, such as
mutation in the TP53 gene.15 Hou et al.15 showed that
concurrent TP53 mutation was significantly more prevalent
among young patients with EGFR-mutated LUAD, and that
conferred worse prognosis (PFS of 5.3 months in 10 young
patients with concurrent EGFR/TP53 mutation). Tian et al.
found that the median PFS of young patients harboring ALK
rearrangements and concurrent TP53 mutations was only
6.2 months. Sacher et al. analyzed the survival of a cohort
of 2237 patients with NSCLC from 2002 to 2014 according
to the presence of a targetable genotype. In patients
harboring a targetable genotype, the lowest median overall
survival (mOS) was in patients younger than 40 years of age
and those older than 70 years [21.4 months, 95% confi-
dence interval (CI): 13.6-47.3 and 22.3 months, 95% CI:
16.9-28.6, respectively]. Those aged between 50 and 59
years had the longest OS (35.4 months, 95% CI: 29.6-41.4).

In young patients harboring oncogenic driver alterations,
the use of immunotherapy remains controversial. Most of
these tumors are associated with low tumor mutational
burden, lack of CD8þ tumor-infiltrating lymphocytes, and
develop in non-smokers, thus explaining the little efficacy of
immunotherapy in this population. Furthermore, combining
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https://doi.org/10.1016/j.esmoop.2020.100045
https://doi.org/10.1016/j.esmoop.2020.100045
https://doi.org/10.1016/j.esmoop.2020.100045
https://doi.org/10.1016/j.esmoop.2020.100045
https://doi.org/10.1016/j.esmoop.2020.100045
https://doi.org/10.1016/j.esmoop.2020.100045
https://doi.org/10.1016/j.esmoop.2020.100045
https://doi.org/10.1016/j.esmoop.2020.100045
https://doi.org/10.1016/j.esmoop.2020.100045


D. Viñal et al. ESMO Open
TKIs and immunotherapy has resulted in higher toxicity with
no added benefit.81,82

Anyway, looking for a targetable genomic alteration is of
special interest in the young population due to the higher
probability of finding a targetable driver, the reduced
toxicity of the treatment, and the potential better outcomes
if matched treatment is started.
FINAL REMARKS AND CONCLUSIONS

The distinctive epidemiological and clinical characteristics
of AYAs with lung cancer (predominantly in women, non-
smokers with adenocarcinoma histology, and more
advanced stages at diagnosis) unveil a unique genomic
background that may tailor the treatment and ultimately
improve outcomes. Young patients with lung cancer seem to
harbor a higher percentage of OGA, higher prevalence of
gene fusions, and a different profile of gene alteration.
Comprehensive genomic profiling is strongly recommended
to offer the best treatment available. In those patients with
driver-negative NSCLC as determined by DNA-based NGS
assay, an RNA-based NGS should be considered. Despite the
recent advances in lung cancer, the prognosis is still dismal
in this population and further studies are needed to better
characterize and treat these patients.
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