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Genomic Evolution of Lung Cancer Metastasis: Current

Status and Perspectives

INTRODUCTION

Lung cancer is one of the cancers with the highest morbid-
ity and mortality worldwide. Over the two past decades,
although the treatment of non-small cell lung cancer
(NSCLC) has been revolutionized by the use of tyrosine
kinase inhibitor (TKI) and immune treatments, metastatic
disease remains largely incurable and presents a 5-year sur-
vival rate of approximately 10% [1].

Metastasis is an evolutionary process that involves mul-
tiple stages, such as the spread of cancer cells from the pri-
mary tumor and then their intravasation into the blood or
lymphatic system, survival in the bloodstream and/or lym-
phatic system, embedding into a distant organ, survival in
a new environment, and formation of a new metastatic
tumor [2]. A previous study demonstrated that this pro-
cess could be intrinsically inefficient because the majority
of cancer cells either die during circulation, become stuck
in capillaries, or undergo apoptosis in the blood within 24
hours. After successful colonization of distal organs, only
a subset of cancer cells will develop into macrometastatic
tumors [3]. However, once metastases have been estab-
lished, the tumor growth follows a ‘big bang’ model [4],
and current treatments frequently may fail to provide
durable responses.

Each metastatic cell represents an evolutionary branch
of its parental primary tumor and shares key driver
changes. These cells are not under positive selection to
metastasize. Rather, a set of key adaptations or hallmarks
may be selected to obtain metastatic potential [5].

Herein, we focused on lung cancer metastasis from a
genomic perspective, explored the differences in genomic
events between metastatic and primary tumor samples,

Abbreviations: FDR, false discovery rate; GENIE, Genomics,
Evidence, Neoplasia, Information, Exchange; GISTIC, Genomic
Identification of Significant Targets in Cancer; MT, metastatic tumors;
NSCLC, non-small cell lung cancer; PT, primary tumors; PT-MT,
primary tumors-metastatic tumors; SCIMET, spatial computational
inference of metastatic timing; SNV, single nucleotide mutations;
TCGA, The Cancer Genome Atlas; TKI, tyrosine kinase inhibitor

explored the evolutionary pattern and timing of lung can-
cer metastasis, and explored whether there are differences
in evolutionary trajectories between different metastatic
organs.

Genomic heterogeneity between primary
and metastatic tumors in lung cancer

During the process of metastasis, each step depends on the
specific phenotypic characteristics of tumor cells and their
interactions with the host microenvironment and immune
system. Genetic alterations obtained from primary and
metastatic tumor cells may explain these phenotypic and
host interactions [2].

Targeted next-generation sequencing of 30 tumor spec-
imens from 15 patients was performed in a previous
study and demonstrated that recurrent genomic alter-
ations between the primary tumor and matched metas-
tasis presented a concordance rate of 94% whereas the
likely passenger genomic alterations presented a concor-
dance rate of 63% [6]. Furthermore, a 71.6% concordance
rate in clonal somatic mutations was exhibited between
the primary tumor and metastatic lymph nodes from 6
patients[7]. In 61 patients with brain metastases, mutations
of major drivers, including EGFR, KRAS, TP53, and ALK,
were highly concordant between the primary NSCLC and
matched brain metastatic tumors (>80%) [8] (Figure 1).
These results suggested that classic genomic drivers, such
as EGFR and ALK, may be early clonal genomic events
during the carcinogenesis of lung adenocarcinoma. For
total genetic alterations, Tang et al. [9] revealed that the
overall concordance between primary tumors (PT) and
metastatic tumors (MT) was 45.6%, and it ranged from
7.3% to 80.6% per patient. Furthermore, metastatic site-
specific differences were also observed. Among lymph
node, bone, brain, and adrenal gland metastases, lymph
node metastases exhibited the lowest proportion of pri-
mary tumors-metastatic tumors (PT-MT) shared alter-
ations while adrenal gland metastases shared the high-
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are from previously published articles [6-11].

est proportion of genomic alterations with primary tumors
(Figure 1).

Therefore, inter-tumor genomic heterogeneity indicates
the importance of comprehensively understanding the
lung cancer gene landscape in clinical practice and could
explain the heterogeneity of antitumor therapy efficacy.

Genomic drivers of lung cancer metastasis

From the Genomics, Evidence, Neoplasia, Information,
Exchange (GENIE) cohort [10], 1897 primary and 1133
unpaired metastatic samples were directly compared. The
results showed a large degree of overlap in the frequency of
commonly mutated genes, with only TP53 remaining sig-
nificant after adjusting for false discovery rate (FDR). Fur-
thermore, Shih et al. [11] performed whole-exome sequenc-
ing on 73 brain metastatic samples of lung cancer and com-
pared them with 503 primary lung adenocarcinoma sam-
ples from The Cancer Genome Atlas (TCGA) database. By
screening of Genomic Identification of Significant Targets
in Cancer (GISTIC) score and validation of animal mod-
els, the authors found MYC, YAPI, and MMPI13 amplifi-
cation represented potential drivers of brain metastasis in
lung adenocarcinoma (Figure 1). However, the above pre-
vious studies exploring the driver events of lung cancer
were mainly based on nonpaired primary-metastatic spec-
imens, possibly due to specimen limitations.

Paired analysis between primary and metastatic tumors
can reveal whether specific events are enriched at the
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Inter-tumor genomic heterogeneity and driver events of lung cancer metastasis. The information summarized in the figure

metastatic sites within individual tumors, thus, distin-
guishing events that occurred before or after metastatic
dissemination [5]. Tang et al. [9] performed single-region
or multiple-region whole-exome sequencing on 54 paired
primary-metastatic samples and found that the potential
drivers of lung cancer metastasis were MYC amplifica-
tion, NKX2-1 amplification, RICTOR amplification, arm
20p gain, and arm 11p loss (Figure 1). The above somatic
and molecular events can break through the evolution-
ary bottleneck in the process of tumor evolution and con-
tinue to be maintained in metastatic tumors, therefore,
they exhibited elevated mutational frequencies in metas-
tases. These results may help to explain the mechanism
of lung cancer metastasis and promote to development of
new targeted drugs.

Evolution models and timing of lung
cancer metastasis

At present, two main evolution models are available for
describing the process of tumor dissemination: linear evo-
lutionary model and parallel evolutionary model [2]. Both
assume that the primary tumor and its metastasis are clon-
ally related and the differentiation is based on the time
when the metastatic cells began to spread at the primary
site and the genomic heterogeneity (the number of inde-
pendent single-nucleotide mutations (SNV) between the
primary tumor and the metastatic tumor after the occur-
rence of a common ancestor) between the primary tumor
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and the metastatic tumor. Linear evolutionary model:
metastatic cells with metastatic cloning appear in the late
stage of tumorigenesis and begin to spread as soon as the
primary lesion can be detected in clinical practice. Since
metastasis is seeded by the most advanced primary clone
or subclone, the heterogeneity of the PT-MT gene is small.
Parallel evolution model: metastatic clones or subclones
appear at the early stage of the development of the pri-
mary tumor, and the clones of the primary tumor and the
metastatic tumor continue to evolve parallel under differ-
ent pressures, resulting in significant genetic differences
between the primary lesion and the metastatic lesion (Fig-
ure 2).

Different types of cancer exhibit different evolution-
ary patterns. Breast cancer cells [12] have the ability to
metastasize at a later stage of tumorigenesis. In contrast,
Hu et al. [13] reported that in colorectal cancer, most
metastatic cells usually appear in the early stage of the
primary tumor. To quantitatively analyze the timing of
dissemination for lung cancer metastasis, Tang et al.[9]
applied a published tool, spatial computational inference
of metastatic timing (SCIMET)[13] to estimate the cell pop-
ulation of the PT at dissemination (Nd) and the mutation
rate (1) using a spatial tumor growth model. It indicated
that most lung cancer metastases (33/54 cases; 61.1%) pre-
ferred late dissemination. However, lung cancer had site-
specific metastatic timing, with lymph nodes showing sus-
ceptibility to early dissemination, while metastasis to the
pleura, bone, adrenal gland and brain tended to occur dur-
ing the late dissemination stage. Furthermore, before the
primary tumor diagnosis, the time taken for tumor cells
to migrate to lymph nodes was at an average of 4.26+0.74
years. However, for pleura metastases and distant metas-
tases, the average dissemination time was only approxi-
mately 2.11+0.33 years before the detection of the PT. The

Linear evolutionary model and parallel evolutionary model of tumor metastasis. Different colored circles represent different

results are consistent with those of a previous pan-cancer
study including breast, colorectal and lung cancer, which
indicated a seeding age of 3.6 years (interquartile range =
2.8-3.7) for overall lung cancer metastasis[14].

Overall, these results indicate the importance of early
screening. Lymph node metastases likely occur earlier
than distant metastases, and they needed earlier and more
frequent follow-up.

Spread trajectories of lung cancer
dissemination

In colorectal cancer, Naxerova et al. [15] found that lym-
phatic and distant metastases shared common subclonal
origin in only 35% of 17 cases, with most cases arising from
independent subclones in the primary tumor. By mapping
the routes of dispersal of lymphatic metastases in human
colorectal cancer, Zhang et al. [16] identified three mod-
els of spreading, namely interlayer sequential spread, inter-
layer skip spread and intralayer spread, with 44.3% of the
cases presenting interlayer sequential spread.

For lung cancer metastasis, understanding the evolu-
tionary relationship between lymph nodes and distant
metastasis is of great clinical significance for preventing
distant metastasis although limited currently available rel-
evant data. A multicancer analysis of clonality with 457
paired primary tumor and metastatic samples from 136
patients with breast, colorectal and lung cancer [14] found
that polyclonal seeding was common in untreated lymph
node metastases and distant metastases but less frequent
in treated distant metastases, suggesting that treatment
exerts strong selection pressure during tumor evolution.
Recently, by reconstructing tumor phylogenies, Tang et al.
[9] found that most metastases (7/8) may be directly seeded
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by the primary tumor but not sequentially spread from
lymph nodes.

Tumor metastasis can spread through multiple routes
and in different directions. However, larger sample sizes
on lymph nodes and distant metastatic tumors as well as
multiple distant metastatic tumors are needed to explore
the evolutionary trajectories of lung cancer metastasis.

Perspectives

To our knowledge, lung cancer genomic evolution is pri-
marily considered to be limited to early or locally advanced
lung cancer [17] and the evolutionary trajectories of lung
cancer metastasis are poorly understood. Tumor metas-
tasis is a highly non-random process [18], and lung can-
cer also exhibits organ-specific morbidity and overall sur-
vival [19]. However, the mechanisms underlying the organ-
specific pattern of lung cancer metastasis remain unclear.
Previous studies have found some potential metastasis
drivers but the underlying mechanisms need to be fur-
ther explored. A study on pan-cancer evolution [14] sug-
gested that clonal seeding also exhibits organ specificity.
However, due to the small lung cancer sample size and
the restriction of metastatic sites to the lymph nodes and
brain, clonal seeding models of lung cancer metastasis
have not been clarified. Herein, a more comprehensive
multiple omics landscape of lung cancer metastasis should
be developed to better understand the biology and char-
acteristics of lung cancer metastasis, to prevent lung can-
cer metastasis and improve the overall survival of these
patients.

CONCLUSIONS

Collectively, lung cancer metastasis mostly presents late
dissemination and features moderate genomic heterogene-
ity and specific genomic drivers of metastasis. In addi-
tion, selective pressure for treatment could alter the clonal
seeding patterns of lymph nodes and distant metastases.
Finally, lung cancer metastasis exhibited organ-specific
patterns, including genomic heterogeneity and timing of
dissemination.
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