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with a highlight on the
Indian perspective
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Deepam Pushpam and Prabhat Singh Malik*

Department of Medical Oncology, All India Institute of Medical Sciences, New Delhi, India
Non-small cell lung cancer (NSCLC) is a disease primarily of the elderly, with a

small proportion of patients in the younger age group. This subgroup of younger

patients accounts for 1-10% among the Asian population and 2% in Caucasians.

While variable age cut-offs have been taken for studies among these patients,

there is sparse knowledge about the unique predisposing factors and etiology of

lung cancer arising in them. Prior studies suggest that genetic factors, including

Mendelian inheritance patterns and germline mutations, may contribute to early-

onset lung cancer. Additionally, shorter durations of tobacco exposure in

younger patients raise questions about alternative etiologies. Thus, there is

potential for further research into the role of pathogenic germline mutations

such as of the BRCA1, BRCA2 and TP53 genes. The higher prevalence of

targetable genomic alterations such as EGFR mutations, ALK and ROS1 fusions

in the young, and the lower proportion of BRAF, KRAS and MET alterations has

therapeutic implications. Therapeutic outcomes among younger patients with

lung cancer in localized and metastatic settings in real-world studies have been

shown to be better than their older counterparts. It is notable that very young

patients (less than 30 years of age) may have worse biology than those a decade

older. Clinical trials assessing targeted treatments with tyrosine kinase inhibitors

demonstrated equivalent results across age subgroups but representation of

younger patients is disproportionate. Survival outcomes with immunotherapy for

advanced lung cancer have shown the most improvement in those aged less

than 55 years. Hence, treatment outcomes remain a subject of interest within this

specific population, along with the issues of fertility, cancer treatment during

pregnancy, financial toxicity and psychosocial counseling. There is paucity of

literature on young Indian patients with lung cancer despite them presenting a

decade earlier than the global population. Further studies are needed focusing on

driving mutations, genetic, environmental and demographic factors influencing

the presentation and treatment outcomes among Indian patients. This review

focuses on the knowledge that exists and that which needs to be generated on

these issues on young patients with lung cancer, with a spotlight on the

Indian setting.
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1 Introduction

Lung cancer is the most common cancer globally consisting of

predominantly non-small cell lung cancer (NSCLC), diagnosed at a

median age of 70 years (1–3). However, a small proportion of

patients are now presenting at a younger age, the cut-off of which

has been variably described (4–6). Less than 2% of patients in the

Caucasian and less than 5% in the Chinese population respectively

with NSCLC are aged less than 45 years (4, 5). Other studies have

described 1-10% of newly diagnosed patients with NSCLC to be less

than 40 years of age (7, 8). While previous studies over the years

have explored the risk factors, etiology and epidemiology of

NSCLC, young-onset lung cancer (YLC) remains an under-

described subset. There is sparse literature on the unique disease

biology, targetable genomic alterations, treatment options and

effectiveness in young patients with lung cancer. Moreover, there

are issues pertaining to oncofertility, lung cancer in pregnancy,

psychological aspects and discussions on early death that clinicians

should be apprised with. Existing research in other malignancies,

such as breast and colon cancer, has been performed to study

genetic and familial factors influencing the disease onset (9, 10).

Similarly, NSCLC in young patients may also represent a

biologically distinct subset of the disease, harboring potentially

targetable genomic alterations. However, studies focusing

specifically on the frequency and spectrum of these alterations

among young patients with NSCLC are limited. Studies on

treatment outcomes have also yielded variable results and there is

developing evidence of aggressive disease behavior in this

population (11). India comprises a unique profile of patients with

lung cancer considering the age of onset is a decade lower than the

global statistics, per data obtained from our center’s lung cancer

clinic (12). Demographic dynamics may play a role in this

observation with a greater proportion of the Indian population

aged in the bracket of 15–64 years, but a thorough exploration of

more complex interactions is warranted (13). Given the emerging

landscape of personalized medicine, a comprehensive

understanding of the genomic and clinical characteristics in this

population is crucial. We hereby present a profile on young patients

with NSCLC covering the risk factors, genetic mutations, treatment

outcomes and special considerations to encapsulate their distinct

biological behavior and their unique therapeutic implications. We

also throw light on the existing, albeit sparse information on Indian

patients with lung cancer, belonging to the younger subset.
2 Extrinsic factors explored for the
development of lung cancer in the
young

Exposure to tobacco smoke has been a well-established primary

risk factor for lung cancer in a majority of cases (14). However, the

prevalence of smoking among patients with YLC is lower than older

patients and for a shorter duration of time. Among Asians, only

30% of patients with YLC are former or current smokers, and

duration of exposure to tobacco smoke is also lower at 12 years
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compared to 49 years among Europeans (15, 16). A recently

published Indian study by Malik et al. from two tertiary care

centers among 133 YLC patients (aged less than 40 years) found

a prevalence of smoking or tobacco use in approximately 21%

patients only (17). Therefore, multiple other factors could also be

contributory to the development of cancer in these young smokers,

namely second-hand smoking and environmental radon exposure

(18, 19). Second-hand smoke exposure remains a formidable

concern in the Indian setting, exhibiting a high prevalence in

home and workplace settings despite the fact that smoking is

banned in public areas since 2003 (20). Domestic exposure to

second-hand smoke also may contribute to the rising incidence of

lung cancer among Indian women, as described by Noronha

et al. (21).

Outdoor air pollution exposure is also associated with an

elevated risk of lung cancer and 14% of deaths related to the

disease (22, 23). Pre-clinical data links the development of drivers

such as EGFR and KRAS mutations and cancer-promoting

behavior due to exposure to fine particles ≤2.5 mm (24). The

relative risk of air pollution-related lung cancer among patients

aged less than 50 years is higher (1.63) as compared to those aged

50-64 (1.11) and greater than 65 (1.15) years respectively.

Therefore, outdoor air pollution has been classified as a group I

carcinogen for development of lung cancer (25). Meanwhile, indoor

air pollution exposure to cooking fuel remains a risk factor among

Indian women, though its use is slowly reducing in current times

(26, 27). A district-level study conducted among the rural region of

Nagpur in India between 2016–18 found the use of biomass fuel to

be prevalent in 88.7% of households, owing to factors such as low

household incomes, lack of separate kitchen areas as well as a

continued behavioral preference (27). Exposure to non-tobacco

factors such as air pollution or poor environmental air quality

was also considered as an attributable risk factor by Iyer et al, who

found a lower prevalence of smoking in Indian female patients with

lung cancer as compared to their male counterparts (28).
3 Genetic and familial factors
explored for the susceptibility to lung
cancer in the young

While extrinsic factors such as the above are implicated in YLC,

genetics and familial causes are also emerging risk factors. Studies

have examined the possibility of a genetic component to the disease

especially when the onset occurs at an early age. Genome-wide

association studies (GWAS) initially attempted to identify genetic

factors related to development of YLC. Multiple cancer susceptibility

genes have been found to correlate according to subgroups of lung

cancer such as by ancestry, exposure to environmental carcinogens,

and those associated withmultiple cancer sub-sites (29). For instance,

an association with smoking has been found on interacting loci at

chromosomes 14q22.1 and 15q22.32 (30). Similarly, loci for asbestos-

related lung cancer have been found at chromosomes 2q34, 7q32.1,

11q13 and 22q13.31 (31, 32). 5p15.33 is a multi-cancer locus which

has been associated with telomere biology, having the most robust
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signal at rs2736100 (33). Pathways related to the major

histocompatibility complex region have been found independently

associated with loci at chromosomes 6p21.33 and 6p21.32 for

squamous cell and adenocarcinomas respectively (34, 35).

Familial aggregation studies have found a higher risk of lung

cancer onset at earlier than 55 years of age among those with any

lung cancer-affected relative(s) (36). Among patients with lung

adenocarcinoma included in The Cancer Genome Atlas (TCGA),

2.5-4.5% patients possessed germline variants that could be linked

to a risk of cancer as part of Mendelian syndromes (37). However,

the mean age of this dataset was 65.3 years (range 33-88) and

patients aged less than 40 years comprised only 7% of the total

patients included. A meta-analysis conducted by the Internal Lung

Cancer Consortium consisting of 24000 cases and 23000 controls

has provided important findings in the form of a 1.5-fold increase in

risk of lung cancer related to a significant family history (38). The

genetic component could be associated with certain pathogenic

germline variants (PGVs) especially those involved in DNA repair

pathways (39). Wei et al. demonstrated the high prevalence of

pathogenic/likely pathogenic (P/LP) variants among patients with

lung cancer especially in YLC (40). The odds ratio of 4.1 with

BRCA1 and 29.2 with TP53 showed that the P/LP variants of these

genes are associated with risk of lung cancer. Exome sequenced

samples obtained from female never-smokers younger than the age

of 45 years found 8 potentially heterozygous mutations including

BRCA1 variant p.Cys47Arg, BRCA2 variant p.Arg2784Trp and

COL6A1 (41). There is also the suggestion from the

LIFESCREEN randomized controlled trial that lung cancer could

be a part of the Li Fraumeni Syndrome cancer spectrum, though it is

not classically included in the same (42). The age of onset of lung

cancer and concept of accelerated onset of disease in patients with

germline pathological variants (PVs) was also explored by the

analysis of a retrospective cohort (43). Building an accelerated

failure time model, the authors found that presence of PVs

advanced the onset of lung adenocarcinoma. BRCA2, TP53 and

other Fanconi Anemia genes advanced the age of lung cancer onset

by 12.2 (95% confidence interval [CI], 2.5-20.6), 9.0 (95% CI, 0.5-

16.5) and 6.1 (-1-12.6) years.

Malik et al. observed that among YLC Indian patients, 9.5%

patients had a family history of cancer (defined by them as any cancer

present in 1 first-degree or 2 second-degree relatives) (17). Another

Indian study conducted at our center screened 570 Indian patients

with NSCLC and found 78 patients who had at least 1 affected first-

degree or 2 affected second-degree relatives with any malignancy.

Among this cohort of 78 patients (median age 60 years), 13 (17%) had

P/LP germline variants consisting of BRCA1 (n=1), BRCA2 (n=2),

CHEK2 (n=1), ATM (n=2), BAP1 (n=1), FANCA (n=1), FANCI

(n=1), FANCM (n=1), LZTR1 (n=2) and XRCC3 (n=1) (44). These

findings suggest potential heritable mechanisms that may predispose

individuals to early lung cancer, especially in low-exposure

populations. There is a scope for large familial segregation studies

and germline mutation analysis, that could identify susceptible genes

and effective screening strategies. Table 1 describes the various studies

(45–58) that have explored familial aggregation and germline

mutations as potential factors in patients with YLC.
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4 Clinico-epidemiologic features
unique to young patients with lung
cancer

4.1 Gender distribution

Various studies have demonstrated the higher proportion of

female patients among the YLC subset. Thomas et al. described

patients with lung cancer younger than 40 years using the

surveillance, epidemiology and end results (SEER) with a

numerically though statistically non-significant predominance of

the female population (51% versus 49%) (59). These findings

contrasted with the gender distribution among patients aged

more than 40 years, in whom the representation of males was

significantly higher. Similar results were found by Suidan et al, who

reported a statistically non-significant female predominance in the

cohort of patients aged up to 50 years versus those above 60 years

(60). SEER registry data in the 2010 study by Subramanian et al.

demonstrated a significant difference in the proportion of females in

the YLC population (48.7% versus 41.9) (61). These results have

been mirrored by findings from Indian studies also, with Malik et al.

reporting the percentage distribution of female patients in the YLC

cohort to be 41% (17). A significant difference between the

proportion of female patients in the cohort of patients aged less

than 40 versus more than 60 years of age was reported by Vashistha

et al. (62). This comparison conducted between 154 YLC patients

and 1058 older patients found 26% versus 14.5% patients in the

respective groups with a statistically significant difference between

the two. Though the proportion of females found in their YLC

cohort is lesser than that reported in other Indian and Western

studies, the difference with the older subgroup throws important

lights on the gender distribution. The smoking habits have

exhibited interesting trends with Sekine et al. finding that male

patients had a lower proportion of young current or former smokers

(84%) vis-a-vis the older subgroup (95%). In contrast, female

patients had equal (39%) prevalence of smoking, though the older

subgroup had a higher composition of heavy (more than 40

cigarettes per day) (63).
4.2 Clinical presentation and radiological
findings

The most common symptoms include cough (30%), chest pain

(8%), hemoptysis (7%), metastatic symptoms such as bone pains or

neurological complaints (6% each). Notably, a few cases (10%) may

well be discovered incidentally (60). A majority among the patients

of YLC present at advanced stages upon diagnosis. The range of

patients who had stage IV disease at presentation varies from

approximately 50%-70% as described in various studies (64, 65).

While the percentage distribution may vary in terms of statistical

significance, there are studies which exhibit a significantly high

prevalence of stage IV disease among the YLC cohort. It has also

been shown that the patients harboring stage I disease were
frontiersin.org
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TABLE 1 Summary of studies describing familial aggregation and genetic susceptibility among young patients with lung cancer.

S. no.

Study (by
year
of
publication)

Study population (Race/
ethnicity composition)

Age cut-off for
definition of
young patient

Number of
patients
included

Results

Familial aggregation studies

1.
Schwartz et al
(45) (1996)

Case-control study among non-smokers
aged 40–89 years (Caucasian)

59 years
257 cases
277 controls

7.2-fold increase in risk of cancer with
first-degree relative having lung cancer in
age group 40–59 years

2.
Kreuzer et al
(46)(1998)

Case-control study (European)

45 years for defining
young patients
55–69 years for
defining old patients

Young group:
251 cases, 280
controls
Older group:
2009 cases
2039 controls

2.6-fold (95% CI: 1.1-6.0) increase in risk
of lung cancer in young age group with
history of lung cancer in first-degree
relative
No such increase in older age group

3.
Schwartz et al
(47) (1999)

Case-control study included young
patients with lung cancer and their first-
degree female relatives (Caucasian)

40 years
118 cases
161 controls

History of early-onset lung cancer
elevated breast cancer risk in first-degree
relative by 5.1-fold (95% CI: 1.7-15.1)

4.
Hemminki et al
(48) (2005)

Population included in Swedish Cancer
Registry Database including patients with
lung cancer with family history of lung
cancer
(European)

50 years 5290

1.7% lung cancers up to the age of 68
possible heritable, probably due to a high-
penetrant recessive gene(s) that
predispose to tobacco carcinogens

5.
Coté ML et al
(49) (2005)

Case-control study on patients with lung
cancer and their families
(Caucasian)

50 years
692 cases
773 controls

Relatives of black cases had significantly
higher risk of lung cancer compared to
white cases (OR 2.07, 95% CI: 1.29-3.32)

6.
Cassidy et al
(50)(2008)

Case-control study on patients with lung
cancer and non-cancer population
controls
(British)

60 years
579 cases
1151 controls

Significantly elevated risk of lung cancer
with affected
relative <60 years (OR 2.08 95%CI 1.2-
3.59);
higher risk when incident case was < 60
years (OR 4.89 95%CI 1.47-16.25)

S.No.
Study (by year
of publication)

Study population
(Race/ethnicity composition)

Age cut-off for
definition of
young patient

Number of
patients included

Results

Genetic susceptibility studies

1.
Taioli et al.
(51) (2003)

Subgroup analysis from the
GSEC database

45 years
261 cases
1452 controls

Significant association between
lung cancer and GSTT1 null genotype
(OR = 1.2; 95% CI: 1.0–1.6), and
homozygous
CYP1A1 Msp1variant allele (CYP1A1*2A
and *2B) genotype (OR = 4.7 95% CI:
1.2–19.0).

2.
Coté ML et al.
(52)(2005)

Case control study from SEER database
(Caucasian – 65.4%, Black – 34.6%)

50 years
350 cases
410 controls

African-Americans carrying at least one G
allele at the GSTP1 locus were 2.9-fold
more likely to have lung cancer (95% CI
1.29-6.20).

3.
Landi et al.
(53) (2006)

Case control study with lung cancer cases
and matched controls
(European)

50 years
299 cases
317 controls

Significant associations with lung cancer
and polymorphisms in genes involved in
DNA damage sensing (ATM) and, in four
genes encoding proteins involved in
mismatch repair (LIG1, LIG3,MLH1, and
MSH6) found.

4.
Gemignani F et al.
(54) (2007)

Case control study from Europe
(European)

50 years
299 cases
317 controls

Heterozygote carriers of SNPs in CYP1A2
1545T.C, 164C.A and 740T.G; CYP2A6
47A.C; MDR1 3435T.C; NAT1 1088T.A
and
1095A.C;GSTA2 S112T; GSTM3 V224I
and

(Continued)
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significantly higher in older subsets as compared to those in the

YLC group (20.9% versus 11.7%) (60). The metastatic pattern of

disease spread has been shown to have significant distinctions such

as in brain (18.5% versus 9.5%), liver (7.1% versus 4.6%) and bone

(16.2% versus 11.7%) between the YLC and older cohort

respectively (66). The YLC group harbors a significantly higher

proportion of upfront brain metastasis during their entire disease

course (39% versus 25%) and among them, greater than 2 brain

metastases have been found in almost one-fifth patients (60). A

study conducted at an Indian tertiary care center described the

symptomatology of lung cancer to comprise cough (81%), loss of

appetite (66%), dyspnea (54%) and fatigue (60%) among others

(67). Though this study did not recruit only YLC patients, it

compared smokers versus non-smokers in their cohort. The non-

smokers consisted of 64% patients aged less than 60 years of age and

had a greater proportion of presentation at advanced stage (78.7%)

as compared to the smoker cohort (59.7%).

The Indian setting poses diagnostic challenges and delays in

patients with lung cancer due to the high endemicity of pulmonary

tuberculosis. The overlapping clinical and/or radiological features

may lead to misdiagnosis in greater than 40% patients, causing stage
Frontiers in Oncology 05
progression and worse survival outcomes due to diagnostic delays

(68). The overlapping clinical and/or radiological features may lead

to misdiagnosis in greater than 40% patients, causing stage

progression and worse survival outcomes due to diagnostic delays

(69, 70). The study by Malik et al. in contrast, consisted of YLC

patients exclusively and found a much higher proportion of patients

with stage IV disease at 91.7% including 64% with multi-site

metastases (17). The prevalence of brain metastases at 40% in this

study also corroborated with findings of Suidan et al. (60). Further

description of studies with details on clinico-pathological findings

in patients with YLC are presented in Table 2.
5 Histology and molecular landscape
of patients with young lung cancer

The most common histological subtype among more than 75%

patients with YLC is adenocarcinoma, a proportion significantly

higher than the older subset (65, 66). Table 3 provides details of

studies that describe the histopathological subtyping for patients

with YLC.
TABLE 1 Continued

S. no.

Study (by
year
of
publication)

Study population (Race/
ethnicity composition)

Age cut-off for
definition of
young patient

Number of
patients
included

Results

Genetic susceptibility studies

MTHFR A222V had altered risk of
developing
lung cancer.
NAT1 fast + NAT2 fast acetylator
phenotypes were at lower risk

5.
Rosenberger et al.
(55) (2008)

Case control study from Germany
(European)

50 years
246 cases
233 controls

Carriers of Leu-allele of GPX1
(Pro200Leu) showed significant risk
reduction of OR = 0.6 (95% CI: 0.4–0.8, p
= 0.002) in general and of OR = 0.3 (95%
CI:0.1–0.8, p= 0.012) in heavy smokers.
Risk decreasing genetic effect
for His-carriers of EPHX1(His113Tyr) for
moderate smokers (OR = 0.2, 95% CI:0.1–
0.7, p = 0.012).

6.
An et al.
(56) (2008)

Hospital-based Chinese study with lung
cancer cases and non-cancer controls
(Asian)

59 years
500 cases
517 controls

Overall population: rs1799977 I219V
polymorphism marginally associated with
risk of lung cancer (P = 0.055).
Stronger association in younger
patients (OR 5.28;
95% CI 1.45—19.21).

7.
Sauter et al.
(57) (2008)

Case control study with lung cancer cases
and matched controls
(European)

51 years
635 cases
1300 controls

Several SNPs significantly associated with
early-onset lung cancer.
Most significant effect for rs1938901 (p=
0.0089), rs193008 (p= 0.0108), and
rs996999 (p= 0.0459).

8.
Graziano et al.
(58) (2009)

Case control study with lung cancer cases
aged less than 45 years and controls aged
more than 60 years
(European)

45 years
24 cases
71 controls

Significant association between early-
onset lung cancer and the EPHX1 exon 4
variant (OR = 3.33, 95% CI = 1.50–7.41).
CI, Confidence interval; OR, Odds ratio; GSEC, Genetic Susceptibility to Environmental Carcinogens; SEER, Surveillance; epidemiology and end results; SNP, Single-nucleotide polymorphisms.
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TABLE 2 Summary of studies presenting clinico-pathological details of young patients with lung cancer.

S. no.
Study (by
year of
publication)

Age cut-off
for definition
of young
patient

Number of
patients (Race/
ethnicity
composition of
study
population)

Clinico-pathological
differences

Survival outcome differences

1.
De Caro et al.
(71) (1982)

40 years
35
(Caucasian)

48.6% adenocarcinoma and 28.6% small
cell undifferentiated cancers in
young patients

Young patients not operated had shorter
OS compared to older patients (p<0.0001);
no difference in those who
underwent surgery

2.
Nugent et al.
(72) (1997)

45 years
55 young patients
108 elderly (greater than
80 years of age) patients

6% young patients had stage I/II disease;
32% operated
33% elderly had stage I/II disease;
6% operated

Longer OS for young patients compared to
elderly (Stage I-IIIA) (p<0.05); no
difference in stage IIIB and beyond

3.
Sekine et al.
(63)(1999)

40 years
91
(Asian)

Male patients: 84% smokers in young,
95% in old; 71% adenocarcinoma in
young; more advanced disease (75%) in
young
Female patients: 39% smokers in both
young and old groups; 92%
adenocarcinoma in young

Equivalent OS between young and old age
groups in both males and females

4.
Etzel et al.
(73) (2006)

50 years

230 young patients
426 elderly (aged more
than 70 years) patients
(Caucasian)

Higher proportion of never-smokers
(23.9%) and former smokers (59.2%) in
young patients compared to 17.6% and
17.8% respectively in older group;
Adenocarcinoma predominated in young
patients (55.2%)
83.4% young patients presented with
stage III/IV disease compared to 58.6%
older patients

Median OS 16.7 months in young versus
19.2 months in older group
Female young patients had longer OS (20.7
months) versus males (13
months), p=0.004

5.
Subramanian
et al. (61) (2010)

40 years

2775
(Caucasian – 82.7%,
African-American –

10.9%, Asian – 5.9%)

Significantly more young African-
American patients (19.2% versus 10.9%),
Asians (10.3% versus 5.9%), women
(48.7% versus 41.9%), Stage IV
presentation (57.4% versus 43%),
adenocarcinomas (57.5% versus 45.2%)
compared to older

Better 5-year OS in younger patients
versus older across stages

6.
Zhang et al.
(8) (2010)

45 years
652
(Asian)

Higher adenocarcinomas in young male
patients compared to older group (63.7%
versus 43.1%)

Median OS of young patients was
significantly shorter than middle-aged
patients (45–60 years) but similar to older
group (more than 60 years of age)

7.
Hsu et al.
(74) (2012)

45 years
144
(Asian)

51.4% female patients
Adenocarcinomas predominate in young
males (77.1%) and females (87.8%)

Young males had shorter OS (HR 1.70,
95% CI 1.08-2.68) compared to females

8.
Thomas et al.
(59) (2015)

40 years

2786
(Caucasian – 69.5%,
Black – 15%, American-
Indian – 0.65%, Asian –

14.3%, Other – 0.36%)

51% female patients
68% presented with advanced disease

Young patients had better median all-cause
and lung cancer-specific survival compared
to older patients for localised (not reached
versus 46 months), regional (28 months
versus 17 months), metastatic (9 months
versus 5 months) diseases p<0.001

9.
Rich et al
(6) (2015)

40 years
651
(British)

48% adenocarcinomas
Similar distribution of stage of disease
(71% with Stage IIIB and beyond)
Young group was more likely to receive
surgery and chemotherapy

Young patients had better OS and post-
operative survival compared to
older patients

10.
Arnold et al.
(75)(2016)

46 years

5657
(Caucasian – 87%,
Hispanic – 4%, Others
– 9%)

Female predominant, non-white
ethnicities, advanced disease at
presentation among younger patients

Absolute differences in OS among young
versus older patients was 25%, 9%, 2% for
stages I, II, III/IV respectively

(Continued)
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The presence of oncogenic driver alterations has been found to

be significantly greater in the YLC population as compared to the

older adults, accounting for 57-70% cases in the former (11, 85, 86).

Sacher et al. demonstrated a statistically significant difference in the

prevalence of oncogenic genomic alterations among the YLC subset

(68%) compared to 52% in the population older than 40 years. It

was also noted that smoking status, female gender and Asian race

were associated with the occurrence of a targetable genomic

alteration in patients with YLC (11). This finding underscores the

importance of comprehensive tumor profiling to enable detection of

the actionable alterations for utilization of personalized medicine in

this subset. The most frequent alterations in YLC include EGFR

mutations, ALK and ROS1 fusions (11, 60) While the rarity of RET

and NTRK 1/2/3 fusions has led to relatively scarce data, some

alterations such as KRAS and MET mutations are linked to more

advanced ages and smoking history (13, 86). Table 3 compiles the

landscape of molecular alterations described in various studies

covering the YLC cohort. A brief description of these genomic

alterations is further described below:
5.1 EGFR mutations

Various studies have yielded different results regarding the

prevalence of EGFR mutations in the YLC versus older

population subset. Hsu et al. found a significant prevalence of

EGFR alterations in patients with YLC compared to older

counterparts aged greater than 45 years (60.6% versus 52.5%)

(76). Similar outcomes were observed in other studies among

Asian patients including that by He et al. wherein YLC patients

aged less than 40 years had statistically higher proportion of EGFR

mutations in contrast to the older subgroup (87). Multiple analyses

also showed a numerically, albeit statistically insignificant higher

EGFR alterations in patients with YLC. Moreover, there is a notable

difference in the type of EGFR mutations observed in the YLC

subset, with the EGFR Deletion 19 being more prevalent as

compared to L858R in the older groups (88). In contrast, EGFR
Frontiers in Oncology 07
Exon 20 insertion is more prevalent in the older group (8% versus

1%) and reaching statistical significance (15).
5.2 Gene fusions

It has been demonstrated by Yang et al. that gene fusions are

more prevalent in young (23.3%) as compared to the older

population (5.9%) with ALK rearrangements being most

prevalent (83). Multiple published studies reveal the statistically

significant frequency difference between YLC and older population,

with ALK rearrangements exceeding in the former (68). EML4 is

the most common partner gene for these patients in more than 80%

cases as exhibited by Tian et al. (89). ROS1 has also been variably

shown to have greater prevalence in the young with Wu et al.

finding 6% ROS1 mutations in the YLC population (90). Regarding

RET alterations, the data is variable with few studies noting a

prevalence ranging between 2.8% to 9.5% (84, 91). The analysis

from cBioPortal for Cancer Genomics database showed a

significantly higher prevalence of RET rearrangements in the YLC

group (9.5%) versus those greater than 45 years (1%) (84).
5.3 KRAS and BRAF mutations

These mutations have been reported at higher frequencies in the

older populations, as described in the multivariate analysis by

Sacher et al. (11). There is a lower incidence of the KRAS

mutation in earlier decades as low as 9% in less than 40 years and

30% in the range of 60–69 years.

Among other alterations, HER2 alterations may be more

prevalent among patients with YLC, as indicated by two studies

that found significant differences compared to older patients. Hou

et al. reported a 13.8% HER2 amplification rate in the patients with

YLC versus 4.4% in older patients (15). However, there is also

coexistent data which has found no age-related differences in HER2

status (60). Research on MET alterations remains limited and
TABLE 2 Continued

S. no.
Study (by
year of
publication)

Age cut-off
for definition
of young
patient

Number of
patients (Race/
ethnicity
composition of
study
population)

Clinico-pathological
differences

Survival outcome differences

11.
Hsu et al.
(76) (2016)

45 years
1074
(Asian)

48.4% females in younger group versus
38.2% in older (p<0.001);
47.3% never-smokers in younger group
versus 43.8% in older (p=0.015);
70.4% adenocarcinomas in younger
group versus 58.1% in older (p<0.001)

Outcomes not reported

12.
Malik et al.
(17) (2025)

40 years
133
(Indian)

40.6% females
85.7% adenocarcinoma
91.7% had stage IV disease

Median OS = 26 months (95% CI: 15.56-
32.43);
Subset aged less than 30 years: Median OS
= 15.67 months (95% CI: 5.86-30.03)
CI, Confidence interval; HR, Hazard ratio; OS, Overall survival.
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TABLE 3 Summary of studies with description of genomic alterations including therapeutic targets among young patients with lung cancer.

S. no.
Study (by
year of
publication)

Age cut-off
for definition
of young
patient

Number of
patients (Race/
ethnicity
composition of
study population)

Methodology Results

1.
Sacher et al.
(11) (2016)

50 years

340
(Caucasian-90%, Asian-
4%, Black-4%,
Hispanic-1%)

Sequencing on
FFPE samples

Younger age associated with EGFR (p=0.02) and ALK
(p<0.01) alterations
Younger age associated with targetable GA (p<0.001)
Targetable GA improved survival; young and old
patients had similar outcomes in absence of
targetable GA

2.
Vavalà et al.
(77) (2017)

45 years

26 young patients
21 old patients
21 healthy young controls
(European)

Targeted NGS of young
versus old patients on
archived FFPE tissue

Higher proportion of TP53 and EGFR (mostly exon 19
deletion) in young patients; TP53 hotspots: R248, R273,
G245, R282
Higher KRAS variations in old

3.
Tanaka et al.
(78) (2017)

40 years
81
(Asian)

Sequencing on
FFPE samples

ALK translocation (41%)
EGFR mutations (30%)
KRAS mutations (2%)
Young patients having adenocarcinoma without GA
associated with worse overall survival compared to old
patients without GA (8.9 versus 16.4 months, p<0.001)

4.
Donner et al.
(41) (2018)

45 years
21 female patients
(European)

WES of germline DNA
using archival normal
tissue material

Potentially pathogenic variants in 8 Cancer Gene
Census germline genes: BRCA1, BRCA2, ERCC4, EXT1,
HNF1 A, PTCH1, SMARCB1 and TP53. Variants in
TP53, BRCA1, and BRCA2 likely led to early onset of
disease (in 14%).

5.
Luo et al.
(79) (2018)

45 years
36
(Asian)

WGS of tumor tissue and
normal lung tissue

Germline mutations in BPIFB1 (rs6141383, p.V284M),
CHD4 (rs74790047, p.D140E), PARP1 (rs3219145,
p.K940R), NUDT1 (rs4866, p.V83M),
RAD52(rs4987207, p.S346*), and MFI2 (rs17129219,
p.A559T) significantly enriched in the young never-
smoker patients compared with the in-house noncancer
database (p < 0.05)

6.
Hou et al.
(15) (2018)

45 years
87 young and 90 older
patients
(Asian)

Targeted NGS of
surgically resected tissue
in both groups

Higher frequency of ALK and HER2 alterations.
Higher frequency of concurrent EGFR/TP53

7.
Giordano et al.
(80) (2018)

50 years
44
(European)

Micro RNA profiling
from resected specimen
using FFPE samples

7 miRNAs (miR-25-3p, miR-29c-3p, miR-33a-5p, miR-
144-3p, miR-153-3p, miR-342-5p and miR-485-3p)
higher in younger patients (P<0.05).
miR-144-3p had an opposite influence on overall
survival: upregulation was associated with a worse
prognosis in young patients (P=0.01) and with a better
outcome in the older group (P=0.03).

8.
Yang et al.
(81) (2019)

36 years

20 young and 24 older
(aged more than 52 years)
patients
(Asian)

WES on FFPE samples

Mutations in FRG1 (p=0.027) and KMT2C (p=0.046)
higher in younger patients.
Pathogenic germline
mutations observed in TP53, TGFBR2,
MLH3 and ELAC2 in younger patients.
Similar somatic mutations in young and old patients

9.
Chen et al.
(82) (2019)

40 years
181 young in a total
cohort of 1000
(Asian)

Targeted NGS of
1000 patients

Higher targetable GA in younger patients (p<0.001)
Higher prevalence of rare GA in younger patients such
as HER2, ROS1, MET (p<0.05)
Frequencies of EGFR mutation, ALK rearrangement
and KRAS mutations were 34.3%, 37.6%, 6.1%
respectively
Similar prognosis for young and old patients with
GA (p>0.05)

(Continued)
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inconclusive. One study divided 2025 Chinese patients with lung

adenocarcinoma into young (up to 50 years of age), intermediate

(51–69 years of age) and aged (greater than 70 years of age) and

reported a significant difference in the prevalence of MET

alterations. Among these, MET amplification was present in

0.24%, 1.18% and 1.78% while MET Exon 14 skipping mutation

was found in 0.72%, 1.1%, 3.25% respectively in the three subgroups

(92). Additionally, clinical trials on tepotinib and capmatinib

suggested that patients with MET-altered NSCLC were older than

those with other genotypes receiving targeted therapies, affecting

individuals up to 74 years old (93, 94).
5.4 A brief insight of genomic alterations
into the Indian population

Malik et al. in their analysis of the Indian YLC cohort found the

prevalence of EGFR mutations comparable at 35% to other Asian

studies (17, 78). The types of EGFR mutations noted in this

population consisted of deletion 19 (52.6%), L858R (31.5%),

Exon20insertion (10.5%) and compound mutation (5.2%). At

34.2%, ALK rearrangement was found higher in prevalence

compared to data obtained from the cBioportal database at 9.5%

among those aged less than 45 years (17, 84). A higher prevalence of

driver mutations was also described by Sharma et al. in a study

comprising of Indian patients with lung cancer at 80.6%,

predominantly TP53 (37%), EGFR (34.1%), KRAS (13.3%) and

ALK (8.8%). Upon age-wise analysis of this cohort, ALK (24.4%)

and ROS1 (7.5%) fusions were more prevalent in patients aged less

than 40 years while KRAS mutations (13.6%) were significantly
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higher in those aged greater than 40 years (95). The KRAS mutation

prevalence among YLC patients at 3.7% described by Malik et al.

was also comparable to this data and consisted of G12C (40% of

KRAS mutated patients) and G12D (60% of KRAS mutated

patients) respectively (17).
6 Treatment implications and survival
outcomes of patients with YLC

Treatment of the younger population for lung cancer produces

variable survival outcomes and responses. Thomas et al. described a

marked difference in outcomes of localized disease than for metastatic

disease between the age groups. The median overall survival (OS)

among patients with YLC with localized disease was not reached

while it was 46 months in the older population, exhibiting statistical

significance (59). A significant difference was also observed among

those with metastatic disease in the same study, with 5-year lung

cancer specific survival being 9.7% in the YLC as opposed to 4.2% in

the older subset respectively (59). Among other recent studies, Suidan

et al. found that 69% of both older and younger patient groups

underwent molecular profiling with the latter having more treatment

changes based upon the results (60). The YLC group showcased

differences in management of both localized and metastatic disease in

terms of more lung resections, receipt of targeted therapies and lesser

rates of dose reductions. The median survival was numerically higher

in the younger patients both overall and with driver mutations,

though statistical significance was not demonstrated. The younger

cohort also exhibited a better survival (24.5 versus 18 months)

compared to the older group with brain metastases. In the first-line
TABLE 3 Continued

S. no.
Study (by
year of
publication)

Age cut-off
for definition
of young
patient

Number of
patients (Race/
ethnicity
composition of
study population)

Methodology Results

10.
Yang et al.
(83) (2019)

40 years
54
(Asian)

Comprehensive
genomic profiling

Higher GA in younger (68.5%) versus older (54.8%),
p=0.05
Higher fusion genes in younger (22.2% versus 4.1%,
p<0.001)
Equivalent gene mutations (46.3% versus 45.3%,
p=0.92)
Similar overall survival (50.2 versus 51.4
months, p=0.112)

11.
Hou et al.
(84) (2020)

45 years
177
(Asian)

cBioPortal and
NGS analysis

Higher targetable GA in younger patients (p<0.001)
Higher EGFR (p=0.005), ALK alteration, ROS1 fusion
(p=0.035), RET rearrangement (p<0.001)
KRAS (p<0.001) and MET (p=0.057) more in
older patients

12.
Malik et al.
(17) (2025)

40 years
133
(Indian)

TruSight Oncology 500
panel on FFPE samples

EGFR mutations (35.51%)
ALK rearrangement (65.7%)
ROS1 rearrangement (7.25%)
KRAS mutation (3.7%)
TP53 co-mutation (1.5%)
ERC1-RET fusion (0.75%)
NGS, Next-generation sequencing; FFPE, Formalin-fixed paraffin-embedded; WES, Whole exome sequencing; GA, Genomic alterations; WGS, Whole genome sequencing; RNA, Ribonucleic
Acid; miRNA, Micro Ribonucleic Acid.
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setting in Indian YLC patients consisting of 92% with metastatic

disease, chemotherapy (60.68%) and TKIs (28.2%) were the common

treatment agents utilized, producing a median OS of 26 months (95%

confidence interval [CI]: 15.56-30.03) as also reported in Western

literature (60). A subset of very young patients (aged less than 30

years) had significantly poorer median OS of 15.67 months (95% CI:

5.86-30.03) compared to the older decade of 31–40 years (26 months,

95% CI: 15.9-40.3) indicating an especially aggressive biology (17).

It is important to administer full-dose therapies and use

multimodal strategies in YLC patients because they have a lower

burden of comorbidities and are described to have an aggressive

profile (11). The better tolerance of multimodal strategies could

contribute to the significantly better outcomes in loco-regional

disease among younger patients. Despite the greater prevalence of

genomic alterations in YLC patients, prospective trials focusing on

tyrosine kinase inhibitors (TKIs) targeting EGFR and ALK

alterations showed consistent outcomes across age subgroups

(96–98). Subgroup analyses of data from the first-line

immunotherapy trials in advanced lung cancer show comparable

survival results in patients divided per the cut-off of 65 years age

(99, 100). Conversely, in a large cohort of 53719 patients, with the

increased use of immunotherapy post-2011 the 2-year survival

probability improved maximum in patients aged less than 55

years (37.7% to 50.3%) (101). These findings support the

hypothesis that younger patients may tolerate and respond better

to aggressive, multimodal treatment approaches.
7 Special considerations on treating
lung cancer in young patients

Treating patients with YLC entails certain difficult decisions and

conversations, which can be built upon by having a structured

multidisciplinary set-up. Addressal of psychosocial concerns, fear

about the disease outcomes and a long-term functional life should

be performed while the diagnosis is informed to the patients.
7.1 Treatment-related toxicity

Most drug-related side effects are more common in the elderly

population such as immune-related adverse events (irAEs), TKI-

related interstitial lung disease and fluid retention (102). In patients

with YLC, fatigue and endocrine irAEs are more frequent (103,

104). Financial toxicity, and a negative impact on physical,

emotional and functional well-being QoL scores have been

observed, highlighting economic and mental health challenges in

these young patients (105).
7.2 Fertility preservation

The discussion of fertility preservation and treatment-related

infertility should be discussed by clinicians with the patients with

YLC. Patients interested in or even uncertain regarding fertility
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preservation should receive a multidisciplinary consult with fertility

specialists and counselors (106). For those planned for receiving

TKIs in the curative setting, there needs to be counseling regarding

potential effect on gonadal function and the need for a potentially

longer washout period before conception in female patients (107).

The metastatic setting may also have discussions about pregnancy

when the disease has been in prolonged control. Thus, thorough

counseling about life expectancy and risk of recurrence should be

informed by the treating clinicians.
7.3 Management during pregnancy

Treatment of pregnant patients in the YLC group poses

challenges in forms of limited diagnostic procedures, drug safety

and fetal toxicity. For diagnosis and staging purposes, ultrasound-

guided biopsies and non-contrast magnetic resonance imaging are

used instead of computed tomography or positron emission

tomography (108). The treatment needs to be tailored according

to the phase of pregnancy as well as the patient’s general condition.

Surgery can be safely performed across all trimesters of pregnancy,

though it should be deferred to the second trimester when the risk

of miscarriages is lowest (109). However, chemotherapy is

contraindicated in the first trimester (110). Platins (preferably

carboplatin) in combination with taxanes or vinca alkaloids can

be administered from the second trimester onward, but

antimetabolites such as gemcitabine and pemetrexed continue to

be teratogenic (110, 111). Though a significant number of lung

cancer during pregnancy are associated with targetable genomic

alterations such as ALK rearrangements (112), animal studies

report post-implantation embryo loss, reduced fetal weight and

congenital anomalies with multiple TKIs, hence their use remains

contraindicated during pregnancy (113). Similarly, immunotherapy

is also avoided during the pregnancy duration because PD-L1 has a

role to play in feto-maternal tolerance mechanisms.
7.4 Challenges in access to healthcare
setups and appropriate treatment in Indian
patients with YLC

In the absence of a formal referral system, 45% patients with lung

cancer in India end up seeking care of general medicine specialists

before they reach the oncology specialists (69). This is significant

because among the general physicians, only 27% refer the patients to

higher centers for further evaluation. A robust referral system

directing patients to specialty setups for timely care and attention is

imperative for better management of this rare disease. While data on

the referral and healthcare setting access of YLC Indian patients is not

available at present, these findings in the overall population with lung

cancer highlight the pressing logistic needs of the current Indian

healthcare system. Malik et al. also highlight the question of

availability of targeted therapies in the Indian YLC patients, as

evidenced by the use of osimertinib in only 1 patient (1.5%) among

the 63 of those who received TKIs (17). Overall, 20% of the patients in
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this study with targetable genomic alterations could not receive TKI

especially among those with ALK rearrangements as compared to

EGFR alterations. While low-cost gefitinib is available in India, ALK

TKIs remain higher priced and not covered by public healthcare

schemes. For a young population subset containing a high percentage

of targetable driver mutations, measures for better access to targeted

therapies are urgently warranted.
8 Discussion and future directions

This review highlights that YLC represents a biologically and

clinically distinct subgroup of NSCLC. Younger patients are more

likely to be non-smokers, present with advanced disease, and harbor

targetable genomic alterations such as EGFR mutations and ALK/

ROS1 fusions. Despite better tolerance to aggressive therapies, this

population faces psychosocial, financial, and reproductive

challenges that require multidisciplinary support. The literature

that covers this unique population of YLC is sparse, but the existing

studies we have highlighted in our review display potential areas of

dedicated research. There is a need to perform focused studies on

comprehensive molecular characteristics, familial aggregation

studies and germline mutation testing. While studies have

explored the possible familial and genetic linkages pointing to

Mendelian inheritance patterns in lung cancer (35, 37), the data

remains scarce. Patients with YLC are currently grossly under-

represented in large-scale genomics data on lung cancer included in

the TCGA and need more attention in future analyses. With better

knowledge generated on potential germline factors, strategies on

screening and personalized treatment could be developed for

patients with YLC.

Studies have shown improved survival outcomes among

younger patients especially with the use of targeted therapies but

the access to these treatments in the low-medium income countries

remains a concern. Moreover, as observed in the data published at

our center, the patients aged less than 30 years perform worse than

those aged between 30 to 40 years (17). This could indicate

aggressive disease biology that could plausibly be an area of

research into personalized treatment of patients with YLC.

Additionally, genome-wide gene-environment interaction studies

could provide information on whether these patients have higher

susceptibility to develop lung cancers due to differences in

metabolism of environmental carcinogens.

The issues pertaining to oncofertility and sexual health are vital

to be discussed with survivors as well as those on ongoing therapy.

Effective management of treatment-related side effects are

paramount because of their potential impact on QoL and

financial well-being of patients with YLC. This subgroup of

patients has added requirements of psychosocial support to

enable them to cope with the effects of cytotoxic or

targeted treatments.

There is a need for more multicenter collaborations to produce

data on this rare and unique subset of patients. India and other

Asian nations, with a larger proportion of younger patients can

serve as important contributors to literature on YLC. Further Indian
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studies focusing on the YLC cohort will be vital in the near future

for a better understanding of the germline mutational landscape,

oncogenic driver analysis, treatment patterns and survival

outcomes. The development of registries can pave the way for

better molecular characterization, understanding of the exposome

and disease biology, with the hope of uncovering newer therapeutic

options in the YLC population.
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