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Summary

We analyzed 2532 lung adenocarcinomas (LUAD) to identify clinicopathologic and genomic 

features associated with metastasis, metastatic burden, organotropism, and metastasis-free 

survival. Patients who develop metastasis are younger and male, with primary tumors enriched 

in micropapillary/solid histological subtypes and with higher mutational burden, chromosomal 

instability, and fraction of genome doublings. Inactivation of TP53, SMARCA4, and CDKN2A 
are correlated with a site-specific shorter time to metastasis. The APOBEC mutational signature 

is more prevalent among metastases, particularly liver lesions. Analyses of matched specimens 

show oncogenic and actionable alterations are frequently shared between primary tumors and 

metastases, whereas copy number alterations of unknown significance are more often private to 

metastases. Only 4% of metastases harbor therapeutically actionable alterations undetected in their 

matched primaries. Key clinicopathologic and genomic alterations in our cohort were externally 

validated. In summary, our analysis highlights the complexity of clinicopathologic features and 

tumor genomics in LUAD organotropism.

eTOC Blurb

Lengel et al. identify clinicopathologic and genomic features of lung adenocarcinoma associated 

with the development of metastasis, metastatic burden, organotropism, and metastasis-free 

survival. The findings illustrate that metastatic tumors have increased chromosomal instability, 

share the majority of driver mutations with the primary tumor, and rarely develop new clinically 

targetable alterations.

Graphical Abstract
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Introduction

Metastasis is the principal determinant of cancer-related mortality, accounting for 90% of 

all cancer-related deaths.1 Most patients with non-small cell lung cancer (NSCLC) present 

with stage IV disease, and up to 50% of patients with early-stage disease treated with 

surgery will develop recurrence and metastasis.2–4 Despite an increasing fractional incidence 

of early-stage disease, the prognosis for all stages of NSCLC remains poor, with a 5-year 

overall survival of 26%.5 Lung adenocarcinoma (LUAD) is the most common histologic 

subtype of NSCLC, and like other solid cancers, it preferentially metastasizes to specific 

organ sites, a process known as organotropism.6,7 Compared with metastases in most other 

cancer types, metastases in LUAD typically occur early in the disease course, with 70% to 

80% of patients developing recurrence within two years after surgery.3,7

The “seed and soil” hypothesis was first proposed in 1889 by Stephen Paget, who described 

metastatic organotropism as a nonrandom event.8 In support of the Paget hypothesis, 

multiple studies have affirmed that certain organs are predisposed to metastatic disease. This 

predisposition is influenced by intrinsic characteristics of the primary cancer and extrinsic 

factors, such as vascular and lymphatic anatomy, organ-specific barriers in metastatic 

organs, and the immune microenvironment.9–11 More recently, the expanded use of next-

generation sequencing has allowed investigators to interrogate the contribution of tumor 

genomic alterations throughout the metastatic cascade.12–14 In a pan-cancer analysis of 

>25,000 patients, our group recently identified genomic features associated with patterns of 
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metastasis in 50 different types of tumors.15 Pan-cancer analyses provide important insights 

through the genomic characterization of large numbers of patients and the identification of 

associations that remain consistent across cancer types. However, they necessarily prioritize 

breadth over depth and their findings are limited by an inadequacy to investigate cancer-type 

specific features in detail.12,14–17

In this study, we examined 2532 primary and metastatic LUAD specimens from 2309 

patients, using manually reviewed clinicopathologic data, including treatment context, and 

tumor genomic information obtained from a combination of broad-panel targeted DNA 

sequencing and whole-exome sequencing (WES). We sought to identify genomic and 

clinicopathologic features associated with LUAD metastases by analyzing the features of 

ever-metastatic tumors, as well as features associated with metastatic organotropism. In 

addition to our characterization of primary tumors, we analyzed metastatic lesions stratified 

by anatomic site(s) and compared primary and metastatic specimens in a site-specific 

manner. Finally, we compared molecular profiles of matched primary tumors and metastatic 

lesions obtained from the same patient to refine our analyses of tumor evolution throughout 

disease.

Results

We analyzed targeted DNA sequencing data from a total of 2422 LUAD samples 

classified into subgroups based on the sequenced sample type (primary vs. metastasis), 

the development of metastases (patient with metastases vs. patient without metastases), and 

the timing of sequencing relative to the identification of metastasis (Figure 1A–B, Table 

S1). The first cohort of patients (“Nonmetastatic” or “NM,” n=318) comprised primary 

LUAD tumors from patients who had at least 2 years of follow-up from the time of sample 

acquisition and had not developed a metastasis at last follow-up. The second cohort (“Early 

Stage-Metastatic” or “ES-M,” n=258) consisted of LUAD primary tumor samples from 

patients diagnosed with clinical or pathologic stage I-III cancer at the time of sample 

acquisition who developed metastasis. The third cohort (“Late Stage-Metastatic” or “LS-M,” 

n=190) encompassed primary tumor LUAD samples from patients who presented with 

stage IV disease. The fourth cohort (“Metastatic Lesions” or “ML,” n=1478) included 

sequenced metastases from seven distinct organ sites. Table 1 highlights key demographics 

and details the treatments administered across the cohorts. Finally, we defined a fifth 

cohort (“Matched Primary-Metastatic” or “MP-M,” n=336) that consisted of 152 primary 

tumors and 184 matched metastatic samples, where the primary tumor was sequenced 

before the metastatic sample(s) (Figure 1C). The NM, ES-M, LS-M, and ML cohorts were 

nonoverlapping, whereas 51 primary tumors from the ES-M and LS-M cohorts and 107 

metastatic samples from the ML cohort were also in the MP-M cohort. For the evaluation 

of ever-metastatic primary tumors, ES-M and LS-M were combined to capture all primary 

tumors that developed any metastases. Before all ever-metastatic primary tumors were 

grouped, the ES-M and LS-M groups were compared and were found to be similar in 

terms of clinicopathologic and genomic features (Figure S1A–E). We also analyzed WES 

for a set of 231 specimens (120 primary and 111 metastases), including 110 unique LUAD 

specimens not in our study population (Figure 1D, Table S1). Eight pairs of specimens from 

patients with matched primary and metastatic lesions were present in the WES cohort.

Lengel et al. Page 4

Cancer Cell. Author manuscript; available in PMC 2024 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The metastatic history of each patient was mapped to the seven most common organ sites: 

adrenal gland, bone, central nervous system (CNS), liver or biliary tract, lung, lymph node, 

and pleura. A specific organ site was determined to have a metastatic lesion if the lesion was 

identified on computed tomography, positron emission tomography, or magnetic resonance 

imaging reports or confirmed through pathologic analysis of the biopsy or surgical specimen 

(8th edition AJCC Cancer Staging Manual). For patients who underwent surgery, N1-N3 

stage thoracic lymph nodes were not considered to represent metastatic disease. Lung 

metastases were included from the contralateral lung or separate lobes of the ipsilateral lung. 

The relative frequencies of organ-specific metastasis in our cohort of primary tumors were 

consistent with known patterns of metastasis in LUAD.18,19 However, because of differences 

in sample acquisition, the frequency of these sites was not equivalent among sequenced 

metastatic lesions (Figure 1B).

Primary LUAD tumors from patients who develop metastases exhibit distinct 
clinicopathologic and genomic features

Given the impact of metastasis on patient outcomes (Figure 1B), we examined factors 

associated with the development of metastasis by comparing clinicopathologic and genomic 

features between nonmetastatic primary tumors (NM, n=318) and ever-metastatic primary 

tumors (ES-M and LS-M, n=448). Ten genes (TP53, KEAP1, CDKN2A, MDM2, PIK3CA, 
NKX2–1, RB1, MYC, SMARCA4, FOXA1) were altered more often in ever-metastatic 

tumors, whereas RBM10 alterations occurred more often in nonmetastatic tumors (16% vs. 

7%, q=0.001) (Figure 2A, Table S2). RBM10 alterations are associated with better outcomes 

and earlier-stage tumors in patients with LUAD.20,21 Overall, 79% of patients with ever-

metastatic disease had alterations in 1 or more of these 11 genes. Patients with metastases 

were younger (median, 67.3 vs. 68.6 years, q=0.032), male (37% vs. 27%, q=0.008), 

and more often had a micropapillary or solid predominant histologic subtype (18% vs. 

8%, q=0.002), which are the most biologically aggressive (Figure 2B).22 Ever-metastatic 

tumors also had higher tumor mutational burden (TMB) (median, 5.6 vs. 4.9 mut/Mb, 

p=0.003), higher chromosomal instability as quantified by the fraction of genome altered 

(FGA) (median, 0.47 vs. 0.26, p<0.001), and higher rate of whole-genome duplication 

(WGD) (40% vs. 23%, p<0.001) (Figure 2C). Detectable somatic mutational signatures 

were investigated (Table S2), as previous work has shown that APOBEC mutagenesis is a 

key driver for many cancers, including NSCLC.23–25 We observed a higher prevalence of 

APOBEC-related signatures SBS2 and SBS13 in metastatic tumors (18% vs. 8%, p=0.012, 

and 22% vs. 14%, p=0.069, respectively) (Figure 2D). We then investigated ten canonical 

oncogenic signaling pathways and found that ever-metastatic tumors had more alterations in 

the p53 (58% vs. 40%, q<0.001), PI3K (31% vs. 18%, q<0.001), cell cycle (29% vs. 16%, 

q<0.001), Nrf2 (17% vs. 9%, q=0.010), and TGFβ pathways (7% vs. 3%, q=0.038) (Figure 

2E).26,27 Interestingly, the proportions of EGFR and KRAS alterations and RTK/RAS 

pathway alterations were similar between the nonmetastatic and ever-metastatic groups. 

To externally validate our results, we used an independent cohort of 318 LUAD samples 

sequenced at Dana-Farber Cancer Institute (AACR Project GENIE).28,29 Alterations in 

several genes, including TP53, MYC, and RMB10, as well as demographic trends for age 

and sex seen in our cohort, were confirmed (Figure S2A–B).
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Distinct patterns of gene alteration co-occurrence and mutual exclusivity were observed 

among ever-metastatic tumors in our cohort. In total, 11 gene pairs were co-altered at a 

statistically significant frequency, and ten pairs were mutually exclusive (Figure 2F, Table 

S2). Of these, seven gene co-alterations and five mutually exclusive pairs were unique to 

ever-metastatic primary tumors (Figure S2C). Of note, co-alteration of TP53 and EGFR 
was observed only in the ever-metastatic group, suggesting that these alterations cooperate 

during metastatic progression. Studies have shown that TP53 and EGFR co-alteration is 

associated with a poor prognosis.30 SMARCA4 alterations co-occurred at a significant 

frequency with KEAP1 (q<0.001) and STK11 (q<0.001) only in ever-metastatic primary 

tumors, whereas co-alteration of KEAP1 and STK11 was significant in both groups. Across 

the ever- and nonmetastatic cohorts, SMARCA4, STK11, KEAP1, and KRAS alterations 

were mutually exclusive with EGFR alterations.31,32

An exploratory analysis of all surgical patients (NM and ES-M, N=576) was performed 

to investigate associations between individual gene alterations and time to development 

of metastatic disease (Figure S2D). After inclusion of clinicopathologic features, MDM2 

(p=0.008), MYC (p=0.021), SMARCA4 (p<0.001), and TP53 (p=0.001) were associated 

with worse metastasis-free survival (MFS), while EGFR (p=0.002) and NF1 (p<0.001) were 

associated with better MFS (Figure 2G).

Clinicopathologic and genomic changes associated with increased metastatic burden

We explored patterns of metastasis and features associated with metastatic burden among 

patients with both early (ES-M) and late stage (LS-M) primary tumors (n=448). Overall, 

146 patients (33%) had a single site of metastasis, and three patients experienced metastases 

at all seven sites (median metastatic sites 2 [range, 1–7]) (Figure S3A). Significant co-

occurrence of anatomic sites was found among adrenal gland, liver, bone, and lymph node 

metastases (Figure S3B). In contrast, a single-site metastasis was most likely to occur in the 

CNS or lung, and neither was found to significantly co-occur with metastases at other sites 

(Figure 3A, Figure S3B). We next examined the relationships between clinicopathologic 

features and metastatic burden (Table S3). Younger patients had a higher metastatic burden 

(p=0.002) (Figure 3B), while smoking history and race were not associated with metastatic 

burden (Figure S3C). For samples with predominant histologic subtype information (n=249), 

solid subtype tumors had the highest metastatic burden, although this was not statistically 

significant. When examining genomic features, higher FGA (p=0.010) and alterations in 

TP53 (p=0.005) and ERBB2 (p=0.033) were associated with a greater metastatic burden 

on univariable analysis (Figure 3C–D). Patients with a single site of metastasis had lower 

TMB and WGD, although the differences were not significant (Figure S3D). Through this 

analysis, we observed that clinicopathologic and genomic features are associated with higher 

metastatic burden and variation in metastatic patterns between organ sites, with metastases 

more likely to occur as a solitary metastasis at certain sites. These findings suggest that 

features of the primary tumor and characteristics of distant organs may influence LUAD 

metastasis. Once again, several of these associations were validated with an independent 

cohort from AACR GENIE (Figure S3E–F).
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Inactivation of tumor suppressor genes TP53, SMARCA4, and CDKN2A is associated with 
site-specific differences in patterns and timing of metastases

To gain insight into factors associated with organotropism, we analyzed clinicopathologic 

and genomic features associated with site-specific metastasis in ever-metastatic primary 

tumors (ES-M and LS-M, n=448). On univariable analysis of all ever-metastatic tumors, 

receipt of neoadjuvant therapy was associated with the development of CNS metastases 

(odds ratio [OR]=2.59, 95% confidence interval [CI] 1.19–5.97, q=0.016), whereas smoking 

history was associated with liver (OR=1.77, 95% CI 1.01–3.22, q=0.047) and lymph node 

metastases (OR=1.85, 95% CI 1.19–2.90, q=0.007) (Figure 3E). In contrast, predominant 

histologic subtypes were similar across sites (Figure S3G). Inactivating alterations in 

SMARCA4 and TP53 (including a combination of mutations, deletions, and gene fusions) 

were associated with specific sites of metastasis in a univariate analysis (Figure 3E). The 

enrichment of SMARCA4 alterations in patients with bone metastasis (OR=6.47, 95% CI 

1.70–42.60, p=0.017) and TP53 alterations in patients with nodal metastasis (OR=2.03, 

95% CI 1.28–3.23, p=0.003) remained significant on multivariable analysis (Figure 3F). 

Multivariate analysis of the association between SMARCA4 alterations and metastasis to 

the liver was not feasible due to the small number of events, but five of six patients with 

SMARCA4 alterations developed liver metastasis.

We next performed a temporal analysis in primary tumors from patients without metastasis 

at the time of initial sequencing (ES-M, n=258) to elucidate features associated with site-

specific patterns of metastasis. Genomic variables associated with organotropism in the 

previous site-specific analysis of ever-metastatic tumors (Figure 3E) remained significant in 

the time-to-metastasis analysis: SMARCA4 inactivation was associated with shorter time 

to bone metastasis (OR=3.37, 95% CI 1.47–7.73, p=0.004), while SMARCA4 (OR=2.13, 

95% CI 1.03–4.39, p=0.041), TP53 gene (OR=2.21, 95% CI 1.47–3.33, p<0.001), and 

p53 pathway (OR=2.29, 95% CI 1.43–3.67, p<0.001) alterations were associated with 

shorter time to lymph node metastasis (Figure 3G). In addition, CDKN2A alterations were 

associated with shorter time to bone metastasis (OR=2.79, 95% CI 1.71–4.56, p<0.001), 

Hippo pathway alterations were associated with shorter time to CNS metastasis (OR=5.21, 

95% CI 2.21–12.30, p<0.001), and Nrf2 pathway alterations were associated with shorter 

time to liver (OR=3.85, 95% CI 1.70–8.74, p=0.001) and nodal metastases (OR=2.29, 95% 

CI 1.43–3.67, p<0.001). Of note, SMARCA4 alterations were associated with a shorter time 

to metastasis in a site-agnostic manner, whereas Hippo pathway and CDKN2A alterations 

were site-specific and involved shorter time to metastasis to the CNS and bone, respectively 

(Figure 3H, Figure S4A–C).

Increased mutational burden and chromosomal instability in sequenced metastases do not 
translate to a higher fraction of clinically targetable alterations

We explored the genomic differences among metastatic lesions from each organ site. 

Across sites, TMB and FGA varied, as did the proportion of samples with EGFR, KRAS, 
CDKN2A, TERT, ALK, PIK3CA, RBM10, BRAF, and Notch, Cell Cycle, and NRF2 

pathway alterations (Figure S5A–C, Table S4). Pleural metastases had a lower mutational 

burden (median, 4.4 vs. 6.6 mut/Mb, q<0.001), less chromosomal instability (median FGA, 

0.5 vs. 0.7, q<0.001), and a greater proportion of EGFR alterations (48% [96/212] vs. 32% 
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[410/1275], q=0.002), whereas other sites like CNS were associated with factors of poor 

prognosis, such as STK11 alterations.33

We next investigated differences between primary tumors and metastases, first in aggregate 

and then stratified by site. Overall, metastatic samples had a significantly higher TMB and 

chromosomal instability (FGA and WGD) (all q<0.001) (Figure 4A, Table S4). Nine genes 

(TP53, EGFR, CDKN2A, NKX2–1, FOXA1, MET, NF1, ARID1A, and MGA) were altered 

more often in metastases, and four (KRAS, MDM2, PIK3CA, and ERBB2) were altered 

more often in primary tumors. These differences in TMB, chromosomal instability, and 

gene alternations were replicated in an independent validation cohort of LUAD samples 

from AACR GENIE (Figure S6A–B). Six pathways (RTK/RAS, cell cycle, p53, MYC, Wnt, 

HIPPO) were altered more often in metastases (Figure 4A). These pathway differences were 

often driven by alterations in specific genes such as CDKN2A in a site-specific manner. For 

example, in CNS and liver, CDKN2A inactivation was more frequent in metastases than in 

primary tumors with metastasis to these sites (q=0.018 for both).

In our analysis, >50% of all primary tumors and metastases contained at least one actionable 

alteration, except for adrenal gland metastases. Adrenal gland metastases had the lowest 

proportion of level 1 actionable alterations (26/63 [41%]), whereas pleural metastases had 

the highest proportion (133/202 [66%]), mirroring the rate of EGFR activating mutations 

in these sites (Figure 4B). Comparison of site-specific alterations highlighted important 

differences between primary tumors and metastases. For example, CDKN2A deletions 

are currently not actionable (level 4 alteration); however, these were observed more 

often in metastatic samples across sites (24% vs. 14%, p<0.001). In primary tumors 

that metastasized to the liver, KRAS G12C mutations were particularly high compared 

to metastatic lesions at the liver (17/81 [21%] and 12/188 [6%], respectively, p<0.001), 

while in pleural metastases, the rate of KRAS G12C mutations was similar between 

primary tumors and metastases (12/99 [12%] and 24/202 [12%], respectively, p=1) (Figure 

4C). Overall, metastases were associated with greater mutational burden and chromosomal 

instability compared to primary tumors, yet there was not a corresponding increased number 

of actionable targets.

Since the number of mutations identified by MSK-IMPACT is limited, we performed WES 

on 231 LUAD specimens to better investigate differences in mutational signatures across 

primary tumors (n=120) and metastases (n=111) (Figure 4D, Tables S5 and S6). The most 

frequently detected signatures were SBS4 (smoking signature), SBS2/SBS13 (APOBEC 

signatures), and SBS1 (a mitotic clock signature associated with aging). Consistent with 

our results using MSK-IMPACT (Figure S6C), the APOBEC-related signatures were more 

prevalent in sequenced metastases than in primary tumors. In the WES cohort, liver 

metastases were more often positive for SBS13 (10/15 [67%] vs. 21/78 [27%], q=0.034) 

and less often positive for SBS4 (4/15 [27%] vs. 51/78 [65%], q=0.034) than metastases 

sequenced at other organs (Figure 4E). Further comparison of cases sequenced with MSK-

IMPACT and WES shows good concordance for estimates of genomic alterations (Figure 

S7A–C).
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Oncogenic and actionable alterations are enriched among somatic changes shared 
between primary tumors and matched metastases

Comparisons using unmatched cohorts of primary tumors and metastases can be 

informative, but the intrinsic interpatient heterogeneity is a limitation. To address this, we 

compared paired LUAD specimens from primary tumors (n=152) and metastatic lesions 

(n=184) from the same patients. Every patient had at least one metastatic specimen, and 

some had multiple sequenced metastases. In all pairs, the primary lesion was sequenced 

before the metastatic lesion. FGA was higher in metastatic samples (median FGA, 0.085, 

p<0.001), while WGD was most often shared between the primary and metastatic samples 

(59/125 patients [47.2%]) than private to the metastatic sample (40/125 [32.0%]) or private 

to the primary (26/125 [20.8%]) (Figure 5A). The alteration types private to the primary or 

metastatic samples or shared between them varied. Mutations were the most common shared 

alteration compared to copy number alterations (940/1826 [51.5%] vs. 205/827 [24.8%], 

p<0.001) and fusions (940/1826 [51.5%] vs. 33/114 [28.9%], p<0.001) (Figure 5B). Shared 

mutations and copy number alterations included a larger fraction of oncogenic variants than 

private (mutations: 379/940 [40.3%] vs. 229/886 [25.8%], p<0.001; CNA: 125/205 [60.1%] 

vs. 289/622 [46.5%], p<0.001). Copy number alterations unique to the metastatic lesions 

(489/827 [59.1%]) were most frequently observed compared to those private to the primary 

(133/827 [16.1%], p<0.001) and shared between the two (205/827 [24.8%], p<0.001). These 

findings are consistent with the results from our previous unmatched analyses, where we 

observed more fusions and copy number alterations in metastatic samples.15,20 Actionable 

alterations were enriched among alterations shared between the primary and metastatic 

samples (141/282 [50.0%] vs. 41/159 [25.8%], p<0.001); private metastatic alterations were 

rarely actionable. Only 4% (7/184) of metastatic lesions developed a level 1 targetable 

mutation not observed in the primary tumor (Figure 5C, Figure S8A).

We next assessed differences in clonality between matched primary tumors and metastases. 

Clonal mutations accounted for 73.8% of all mutations and were more often shared between 

primary and metastasis than subclonal mutations (314/472 [66.5%] vs. 74/168 [44.0%], 

p<0.001) (Figure 5D). At an individual gene level, this same pattern was present, with a 

few exceptions: RBM10, PIK3CA, and ARID1A had the lowest proportion of shared clonal 

mutations (Figure 5E). We also analyzed common mutations in TP53, KRAS and EGFR, 
of which only EGFR T790 mutations were not primarily clonal in both primary tumors and 

metastases, consistent with the expected behavior of a resistance mutation.34 We compared 

cancer cell fraction for mutations detected in matched primary and metastatic WES samples 

for eight patients, and identified clonal oncogenic mutations shared between primary and 

metastasis in six of them (Figure S8B). Paired WES tumors also resembled each other in 

terms of detected mutational signatures, although statistical significance was difficult to 

assess given the small sample size (Figure S8C–D).

A detailed evaluation of 22 patients with one sequenced primary tumor and two or more 

sequenced metastases showed that most detected driver alterations (75/91, 82.4%) were 

shared across at least two matched samples from the same patient. Oncogenic alterations 

detected in only one matched sample from a given patient were often gene amplifications or 

deletions (13/16, 81.3%) (Figure 6A). The time course and overall genomic landscape varied 
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between patients. For some patients, there was little change between the primary tumor and 

metastases despite many months between samples (e.g., Patient 17); in contrast, others had 

metastatic disease identified shortly after initial diagnosis and the metastases had different 

TMB, WGD, and FGA profiles compared to their primary tumor (e.g., Patient 3).

Our analysis of matched samples also illustrates the relationship between treatment and 

genomic changes. Of the metastatic lesions, 79% (145/184) had treatment before tissue 

acquisition (Table 2). Six of the seven metastatic lesions that developed a level 1 alteration 

not observed in the primary tumor had treatment between primary and metastatic tissue 

acquisition. All six patients received TKI therapy and developed level 1 alterations that 

are known mechanisms of resistance to TKI therapy (5 had EGFR T790M mutations after 

erlotinib, 1 developed an ALK I1171T mutation after loratinib and alectinib). The last 

patient who was treatment-naïve developed a new KRAS G12C mutation. At an individual 

level, Patient 2 demonstrated genomic variation across five samples despite being acquired 

within 30 months of each other. Though all metastatic samples shared a CDKN2A deletion, 

three different MET alterations were present. All samples shared a MET amplification, 

and the primary tumor and liver metastasis shared a MET fusion. However, following 

CNS progression on crizotinib, two of the CNS metastases developed a MET:Y1230N 

mutation, which is related to crizotinib-resistance (Figure 6B). In contrast, Patient 5 had 

remarkably similar genomic profiles between samples despite almost four years between 

resection of the primary tumor and identification and biopsy of a lung metastasis. One 

can hypothesize that the similarity in samples despite the longer time interval may be 

related to the lack of systemic treatment. Overall, our analysis of matched primary and 

metastatic samples confirms the higher mutational burden and increased FGA observed in 

the unmatched analysis, while demonstrating that metastases often acquire new alterations 

through increased chromosomal instability and following systemic treatment.

Discussion

Previous work from our group has identified clinicopathologic and genomic factors related 

to recurrence and disease-free survival following surgical resection in LUAD.20,24,26,35–37 In 

this study, we investigated LUAD-specific organotropism, with a focus on the incorporation 

of clinicopathologic features across analyses, temporal relationships between genomic and 

clinicopathologic features, and time to metastatic dissemination within the context of site-

specific metastasis. As part of a larger institutional effort, we recently performed a pan-

cancer analysis that found significant associations between metastatic patterns and genomic 

features across 50 different cancer types, including a cohort of patients with LUAD.15 While 

there are similarities between these two studies, there are critical methodologic differences. 

First, the previous pan-cancer study relied exclusively on tumor registry information and 

billing codes for the annotation of metastatic sites in individual patients, whereas this study 

adopted a more comprehensive process of manual curation aimed at reducing false-negatives 

and inter-physician variability through individualized review of imaging, pathology, and 

clinical reports. A head-to-head comparison of our extraction methods for a group of shared 

patients revealed that we identified 407 additional metastatic diagnoses, including a nearly 

4-fold increase in lymph node metastases (28% vs. 7.5%). Second, we also substantially 

increased the breadth and depth of our clinical annotations to include detailed treatment 
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information and variables of translational relevance for LUAD patients, such as smoking 

history, predominant histologic subtypes, and detailed pathological staging, which allowed 

us to investigate additional questions such as the role of mutational signatures and intra-

patient tumor heterogeneity and tumor evolution throughout the metastatic cascade. Third, 

we performed a comprehensive time-to-event analysis of matched primary and metastatic 

samples to better understand tumor clonality, selected therapeutic pressures on the tumor 

genome, and spatiotemporal patterns of organotropism. Collectively, this study offers a 

dedicated analysis aimed at understanding how clinicopathological and genomic features 

correlate with metastatic organotropism in LUAD.

The methodological improvements in our study have led to previously unreported, clinically 

relevant findings. For example, we observed that patients with primary tumors that 

eventually metastasize are younger, male, and have tumors with a micropapillary or solid 

predominant histological subtype. In contrast, no significant differences in metastatic burden 

(number of metastatic sites) or specific organotropism were observed based on predominant 

histologic subtype.

SMARCA4 and TP53 alterations were enriched in ever-metastatic tumors, associated with 

shorter MFS, and exhibited organotropism (SMARCA4 was enriched in bone metastases 

and TP53 in lymph node metastases). Previous studies have shown that alterations in 

SMARCA4 and TP53 were independently associated with recurrence-free survival in early-

stage LUAD and that mutations in both genes were enriched in ever-metastatic tumors,15,20 

but there is limited information regarding their role in organotropism.20,31,36,38 Others 

have shown a relationship between TP53 mutations and nodal metastases in gastric and 

head and neck cancers.39,40 In LUAD, mutations in both genes have been associated with 

adrenal gland metastasis, whereas TP53 mutations have also been associated with CNS 

metastasis.15 In contrast to previous site-specific analyses, primary tumors in our study were 

predominantly untreated (only 10% of ES-M and LS-M patients had prior treatment before 

sequencing).14,15 This is relevant, as studies have revealed that systemic therapies can lead 

to private alterations, particularly in metastases.14,41 Our data suggests that alterations in 

SMARCA4 and TP53 are related to metastasis in primary LUAD and that the higher risk 

associated with these alterations is unequally represented among organ sites.

Clinicopathologic and genomic features, including younger age, higher chromosomal 

instability, TP53 alteration, and ERBB2 alteration, were associated with higher metastatic 

burden. One can speculate that behavioral differences may account for some of the 

observed associations—younger individuals may be more likely to ignore early symptoms 

of lung cancer. However, prior work suggests possible alternative explanations, such as a 

more aggressive biology of LUAD in younger patients.42 Various patterns of metastatic 

development also exist among patients with adrenal gland and liver metastases, which rarely 

occurred as solitary metastases. We found that CDKN2A alterations were associated with 

shorter time to bone metastasis and Hippo pathway alterations were associated with shorter 

time to CNS metastasis. Recently, Shih et al. showed that genes in the Hippo pathway were 

amplified at a higher frequency in LUAD brain metastases.43 In contrast to CDKN2A and 

the Hippo pathway, SMARCA4 alterations were associated with worse MFS across all sites. 

While both SMARCA4 and CDKN2A are known to be associated with poor outcomes 
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in LUAD, our study describes potential relationships with organotropisms.31,32,38,43,44 

We show that SMARCA4 alterations were associated with higher probability of bone-

specific metastasis, whereas CDKN2A alterations result in shorter time to bone metastasis. 

Collectively, these findings highlight the complexity of metastatic organotropism, as various 

factors may affect the site, timing, and number of metastases.

Tumor evolution over time in response to external factors such as treatments and during the 

metastatic process is well established.14 A pan-cancer study showed that brain metastases 

possess unique genomic alterations compared with matched primary tumors, and despite 

temporospatial differences, brain metastases were more alike compared to the primary 

tumor or other organ site metastases.45 Similarly, we identified multiple genomic differences

—including alterations in specific genes and mutational signatures—among metastases 

from different sites and between metastases and primary tumors, with important treatment 

implications. For example, some of the most frequently targeted alterations, including 

KRAS and other alterations in the RTK/RAS pathway, were significantly less frequent 

among metastatic samples. Across metastatic sites, the difference in actionable alterations 

was even more pronounced. Despite previous studies showing that both primary tumors 

and metastases possess level 1 actionable alterations in >50% of samples, there was robust 

variation among sites, with adrenal metastases possessing few actionable alterations and 

pleural metastases possessing many.46

The potential clinical implications of tumor evolution are best illustrated through 

comparisons of paired primary and metastatic samples. Metastases often arise from major 

clones within the primary tumor, consistent with an evolutionary bottleneck, and many 

driver mutations occur early in tumor evolution, whereas alterations private to the metastasis 

are often caused by treatment effect.12,14,47 In concordance with these observations, we 

found that driver and actionable alterations were often clonal and shared, while alterations 

private to metastases were frequently copy number alterations of unknown significance, 

rarely actionable, and, in some cases, related to treatment resistance. Collectively, these 

differences illustrate the considerable complexity of tumor evolution, and that higher 

chromosomal instability leads to distinct cell populations in metastases, with potentially 

important clinical consequences.

The primary strength of our study is its use of a richly annotated clinicopathologic and 

genomic data set curated from our large cohorts of primary tumors and metastatic samples. 

Additionally, we were able to externally validate several of our key findings using the 

AACR GENIE data set. Limitations include the sampling of a single site of the primary 

tumor or metastatic lesion, rather than multiple regions, which may fail to capture the intra-

tumoral heterogeneity described by Swanton et al.48 The use of a targeted sequencing panel 

for most of our cohort is another limitation. This was partially addressed by performing 

WES on a subset of patients, which allowed us to investigate mutational signatures in 

more detail. Consistent with previous findings,49,50 a comparison of cases sequenced with 

MSK-IMPACT and WES shows good concordance for estimates of TMB, FGA, and WGD, 

suggesting that our results would likely remain unchanged if we had performed WES on 

the entire cohort. Further, the number of patients in our study with matched primary and 

metastatic samples was relatively small. The unmatched analyses allowed us to highlight 
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general trends of organotropism; however, the statistical power of our matched cohort was 

insufficient to draw definitive conclusions about tumor evolution after stratification for 

specific metastatic sites. The sample size challenges for our matched cohort are a direct 

reflection of current practice for clinically indicated tissue sampling. Confirmation and 

treatment of metastatic disease with the acquisition of tissue is an inherently biased process. 

Biopsy may be avoided altogether for suspected diffusely metastatic disease, or biopsy may 

be performed on the most accessible site of disease. Additionally, patient factors may play a 

role in tissue sampling. However, the results of this study are still generalizable, as they are 

real-world data based on accepted clinical practice.

In conclusion, we have performed an integrative analysis of clinicopathologic and genomic 

variables, including manually curated annotations across multiple sites and timing of 

metastasis, for a large cohort of patients with LUAD. Our results highlight features 

associated with the development of metastasis, metastatic burden, organotropisms, and 

MFS. By using a subset of patients with matched primary and metastatic samples, 

we have obtained additional insights into the spatiotemporal evolution of metastases. 

While chromosomal instability clearly plays an important role in metastatic dissemination, 

unfortunately the higher frequency of copy number changes observed in metastatic 

specimens does not translate to an increase in therapeutically targetable alterations.

STAR Methods

Resource Availability

Lead contact—Further information and requests for resources or data should be directed 

to and will be fulfilled by David R. Jones (jonesd2@mskcc.org).

Materials availability—This study did not generate new unique reagents.

Data and code availability—The cBioPortal link for all the study data and 

information to access the account are listed below: https://www.cbioportal.org/study/

summary?id=luad_mskcc_2023_met_organotropism.

All the data from the AACR GENIE BPC NSCLC v2.0 public cohort and the AACR 

GENIE v13.0 cohort that were used for validation purposes are publicly available and can be 

accessed using this link: https://genie.cbioportal.org/

The MSK-IMPACT data analysis pipeline can be found at https://github.com/rhshah/

IMPACT-Pipeline. The mutational signature decomposition code can be found at https://

github.com/mskcc/tempoSig. Genomic alterations were annotated with information from 

OncoKB using the OncoKB annotator tool (https://github.com/oncokb/oncokb-annotator). 

Additional custom written tools and programs used in our analyses are available from 

https://github.com/mskcc.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study population—This study was approved by the institutional review board at 

Memorial Sloan Kettering Cancer Center (IRB#18–391). All patients included in the study 
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received a pathologic diagnosis of LUAD using either a tissue biopsy specimen or a surgical 

specimen from October 2006 to July 2021 and provided written consent to participate in the 

protocol. Exclusion criteria included mucinous or minimally invasive LUAD, no available 

matched-normal sample, and low tumor purity. NM and ES-M patients were excluded if 

they had microscopic (R1) or macroscopic (R2) residual disease after surgery. LS-M patients 

who received consolidative, maintenance, or palliative chemoradiotherapy before sample 

acquisition were excluded because of the potential for therapy-related changes to the tumor 

genomic profile.51,52 Patients from all other groups were included regardless of treatment 

status. The receipt of induction therapy among NM and ES-M patients was not an exclusion 

criterion, since it remains unknown whether short-course chemotherapy or radiotherapy 

induces meaningful tumor genomic alterations.

Clinical annotation and data curation—Clinical characteristics, imaging findings 

(including preoperative computed tomography, positron emission tomography, and/or 

magnetic resonance imaging), and pathologic reports from biopsy or surgical specimens 

(8th edition AJCC Cancer Staging Manual) were manually reviewed and annotated. A 

subset of samples included in the study underwent annotation for use in the NSCLC cohort 

of the American Association for Cancer Research Project Genomics Evidence Neoplasia 

Information Exchange biopharma consortium.53 Follow-up was performed in accordance 

with National Comprehensive Cancer Network guidelines.54 For primary tumors, median 

follow-up was 3.1 years, which was calculated from the date of sample acquisition to the 

date of last follow-up. Recurrences were distinguished from new primary tumors using the 

Martini and Melamed criteria, with differentiation according to pathologic and genomic 

relatedness when available, as previously reported by our group.55,56

Organ site and date of metastasis were obtained for the first lesion at a given organ site. Any 

additional lesions at a preexisting metastatic site were not included. Therefore, each site was 

only accounted for once at the time of the initial diagnosis of metastasis. Metastatic burden 

was defined as the number of distinct organ sites affected in a patient’s clinical course, 

consistent with the definition used in previous studies.15 Any lesions deemed suspicious on 

a radiology report were considered metastatic if the treating clinician reported the lesion as 

metastatic in clinic notes and/or tailored therapy to a diagnosis of metastatic disease.

METHOD DETAILS

DNA sequencing—LUAD specimens were profiled by use of hybridization capture-

based next-generation sequencing (MSK-IMPACT) at Memorial Sloan Kettering Cancer 

Center.26,57 There were 4 versions of the MSK-IMPACT sequencing platform used during 

the study, as the panel of sequenced genes increased during the study: 341 (n=127, 5.2% of 

samples), 410 (n=606, 25.0% of samples), 468 (n=1356, 55.9% of samples), or 505 (n=333, 

13.7% of samples) (Table S7). All reported alteration frequencies were adjusted to account 

for the specific genes included in each version of the MSK-IMPACT panel by dividing 

by the number of samples for which a given gene was sequenced. Similarly, estimates of 

TMB were adjusted to account for differences in genomic coverage across panels. The 

MSK-IMPACT assay achieves a high depth of sequencing (800x) and is performed in a 

Clinical Laboratory Improvement Amendments (CLIA) certified molecular laboratory, as 
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previously described.13,57 For WES, DNA sequence libraries for 231tumor and matched 

blood normal specimens that had previously been sequenced with MSK-IMPACT were 

recaptured using the Agilent SureSelect Exome Kit (v3) and sequenced on an Illumina 

HiSeq 2500. One hundred twenty one of these 231 tumors and blood pairs were a subset of 

the core cohort of 2422 cases shown in Figure 1. The remaining 110 pairs were additional 

LUAD cases added to increase the size of the WES cohort. WES was performed at a depth 

of 150x for tumor DNA and 70x for blood DNA.

Genomic analyses—TMB was defined as the total number of nonsynonymous single-

nucleotide variants per megabase (mut/Mb) and was normalized by panel size. FGA was 

defined as the number of bases with log2 copy number variation (gain or loss) >0.2 divided 

by the total number of genome bases profiled. Allele-specific analyses of copy number 

deletions, amplifications, and WGD were computed using the Fraction and Allele-specific 

Copy number Estimates from Tumor Sequencing (FACETS) algorithm.58 FACETS corrects 

for purity and ploidy and quantifies chromosomal instability by estimating integer DNA 

copy number calls from the sequencing samples. Tumors were considered to have undergone 

WGD if greater than 50% of their autosomal genome had a major copy number (the more 

frequent allele in a given segment) greater than or equal to two.50 Mutations were considered 

subclonal when the cancer cell fraction was less than 0.8, as estimated by FACETS. The 

clonal fraction was calculated by dividing the total number of clonal mutations by the sum 

of all clonal and subclonal mutations.

Ten canonical signaling pathways (cell cycle, Hippo, Myc, Notch, Nrf2, PI3K, RTK/RAS, 

TGFβ, p53, and Wnt) and all genes mutated in ≥3% of the overall cohort were investigated 

for associations with site-specific metastases (Table S7).26,27 The oncogenic effects and 

treatment implications of individual variants were annotated using the OncoKB precision 

oncology knowledgebase, an FDA-recognized human genetic variant database curated by 

experts at Memorial Sloan Kettering.59 The term “driver” refers to functionally relevant 

alterations, including mutations and copy number changes known to activate oncogenes 

or inactivate tumor suppressor genes. These are labeled as oncogenic, likely oncogenic, 

or predicted oncogenic in the OncoKB knowledge base. A “passenger” alteration has no 

known oncogenic effect according to OncoKB. Information on therapeutic actionability 

was also annotated using OncoKB, and each genomic alteration was stratified into 1 

of 4 levels of clinical actionability, including FDA-recognized biomarkers of response 

(level 1), standard of care biomarkers (level 2), investigational biomarkers (level 3), and 

biomarkers of hypothetical relevance based on preclinical evidence (level 4). Similar to the 

definitions used in other studies, levels 1 to 3A were considered “actionable” or “targetable” 

alterations.15,46,59 Mutational signatures were computed for MSK-IMPACT samples with at 

least 13.8 mut/Mb, as justified in previous publications (Table S7).13,24,37 We used our own 

publicly available code for signature decomposition (https://github.com/mskcc/tempoSig) 

and the single-base substitution signatures defined in the Catalogue of Somatic Mutations in 

Cancer (COSMIC) database.60 Samples were considered to have a signature presence if the 

mean signature value was >0.1. All genomic and clinical data for patients in this study are 

publicly available through the cBioPortal for Cancer Genomics.61,62
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In the matched analysis, alterations were labeled as private if they occurred only in the 

primary sample or only in the metastatic sample(s) for an individual patient. Shared 

alterations were observed in both primary and metastatic sample(s) from the same patient. 

In the event a patient had multiple metastases, alterations were considered shared if they 

were found in the primary and at least one metastatic sample. Alterations observed in 

multiple metastases from the same patient were not considered shared in these analyses. 

Phylogenetic trees were manually curated and drawn based on co-occurrence of oncogenic 

somatic alterations across samples. The lengths of the lines indicate time between sample 

collection and are not necessarily an estimate of sample similarity. The location of the 

alteration labels distinguishes alterations that are shared across samples from those unique 

to a particular sample. For example, in Figure 6B, amplifications of CDK4 and MDM2 are 

shared across all samples, whereas CDKN2A deletion was present in all metastatic lesions 

but missing in the primary tumor.

QUANTIFICATION AND STATISTICAL ANALYSIS

The cohorts included for each individual analysis are outlined in Table S8. For comparisons 

between ever-metastatic tumors (ES-M and LS-M) and nonmetastatic tumors (NM) and 

between primary tumors (ES-M and LS-M) and metastatic lesions (ML), Fisher’s exact 

test was used to compare categorical variables, and the Wilcoxon rank-sum test was used 

to compare continuous variables. Fisher’s exact test was used to compare the alteration 

frequencies of genes (altered in ≥3% of the entire cohort) and pathways and the presence of 

APOBEC signatures between groups.

Mutual exclusivity and co-occurrence of genes and pathways were assessed using Fisher’s 

exact test. P values were adjusted to correct for multiple comparisons using the false-

discovery rate. The same methodology was applied to analysis of the ML samples, where 

one lesion site was compared to the other lesion sites.

Univariable logistic regression analysis was performed to quantify the relationships 

between preoperative clinicopathologic features and site-specific metastatic outcomes in 

ever-metastatic (ES-M and LS-M) samples. For the analysis of site-specific metastasis 

in primary tumors, any patient who developed a metastasis at the site of interest was 

compared with patients who did not have metastasis to that site. The nonmetastatic to site 

group included patients with no recorded metastasis at the site of interest and at least 2 

years of follow-up from the time of surgery or biopsy. Two separate univariable logistic 

regression analyses were performed to quantify the relationships between genomic features 

and site-specific metastatic outcomes—one inclusive of gene alterations and one inclusive 

of pathway alterations. The regressions, including genomic features, were corrected for 

multiple testing with the false-discovery rate. A multivariable logistic regression model 

was then constructed with features with q<0.1 in univariable analyses by use of a backward-

selection method. Again, pathways and genes were included in two distinct multivariable 

models. All analyses were two-sided, and p<0.05 was considered statistically significant.

Time to recurrence was defined as the time from biopsy or surgery to the first report of 

site-specific metastasis in the patient record or, if no recurrence was observed, from biopsy 

or surgery to last follow-up. For patients without metastasis at the time of diagnosis, MFS 
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was defined from the time of surgery to the development of the first metastasis and was 

censored at last follow-up or death. An exploratory analysis of the effects of gene alterations 

and MFS was performed using multivariable Cox proportional hazards regression on the NM 

and ES-M patients.

Site-specific MFS was defined from the time of surgery to the development of the first 

metastasis at the site of interest and was censored at last follow-up or death. In an analysis 

restricted to ES-M patients, univariable cause-specific Cox proportional hazards regression 

was performed to quantify the relationships between preoperative clinicopathologic features 

and time to site-specific metastasis. The time to first metastasis (other than the metastatic 

site of interest) was incorporated into the analyses as a time-varying variable for each 

patient. Univariable Cox proportional hazards models were then constructed to quantify the 

relationships between clinicopathologic and genomic factors and the hazard of site-specific 

metastasis, incorporating the time-varying variable of time to first metastasis. For this 

analysis, two distinct sets of univariable models were constructed—one inclusive of gene 

alterations and one inclusive of pathway alterations. The regressions, including genomic 

features, were corrected for multiple testing correction with the false-discovery rate. Two-

sided q<0.1 indicated statistical significance; features with q<0.1 were used to generate 

a clinicopathologic-adjusted multivariable model constructed using the backward-selection 

method. If alterations in a pathway and in a gene within that pathway were both statistically 

significant, the pathway was preferentially selected. All analyses were two-sided, and 

p<0.05 was considered to indicate statistical significance. All analyses were performed using 

Stata 15.0 (StataCorp, College Station, TX) and R 4.1.1 (R Core Team, Vienna, Austria).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Primary tumors that metastasize have distinct genomic and clinical profiles

• TP53, SMARCA4, and CDKN2A alterations influence time to and site of 

metastasis

• Driver mutations are frequently clonal and are shared by primaries and 

metastases

• Alterations private to metastases are rarely actionable and relate to prior 

treatment
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Figure 1. Cohort overview.
(A) Number of sequenced specimens in unmatched sample analyses, cohorts 1–4. (B) 

Clinical outcomes of patients with sequenced primary tumors, cohorts 1–3. Top: Kaplan-

Meier curve showing overall survival. Bottom: Metastatic burden per patient (left). Number 

of patients with metastasis to specific anatomic sites (right). (C) Overview of patients with 

matched primary and metastatic samples, cohort 5. Overlap of samples included in cohorts 

2–4 and matched cohort. (D) Primary and metastatic lesions with whole-exome sequencing 

(WES). Overlap of samples included in the IMPACT sequencing and WES cohorts. CNS, 

central nervous system.

See also Figure S1 and Table S1.
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Figure 2. Comparison of nonmetastatic (NM) and ever-metastatic (EM) primary tumors.
(A) Oncoprint displaying clinical attributes and genes altered at significantly different 

frequencies between the two groups. (B) Comparisons of clinicopathologic features. (C) 

Tumor mutational burden (TMB), fraction of genome altered (FGA), and whole-genome 

duplication (WGD). Boxplots display median values, interquartile range (IQR) boxes, and 

whiskers demonstrating 1.5 x IQR. (D) Percentage of samples with the APOBEC mutational 

signature present. (E) Percentage of samples with alterations for ten canonical oncogenic 

pathways. (F) Co-occurrence and mutual exclusivity of genes with significant interaction. 

(G) Genes with significant associations with metastasis-free survival among patients with 

clinical stage I-III disease (cohorts 1–2, n=576) on univariable analysis. Statistical analyses: 

(A, B, D-F) Fisher’s exact test. *p<0.05 unless otherwise indicated; q-values correct for 

multiple comparisons using false-discovery rate (FDR). (C) Wilcoxon rank-sum test for 

TMB and FGA. Fisher’s exact test for WGD. (G) Cox proportional hazard model. All 

p-values as indicated, log-rank test. Squares represent hazard ratio (HR) and whiskers 

display 95% confidence interval (CI). +, genes that remained significant in multivariable 

model with clinicopathologic factors. Hx, history; pStage, pathologic stage.
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See also Figure S2 and Table S2.
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Figure 3. Clinicopathologic and genomic features of primary tumors associated with site-specific 
metastasis and metastatic burden.
(A) Metastatic burden stratified by anatomic site. Each bar represents all ever-metastatic 

patients with metastasis to a given site; colors correspond to proportion of patients with 

1, 2, or ≥3 distinct metastatic sites. (B) Age of patients, stratified by metastatic burden. 

(C) Fraction of genome altered (FGA), stratified by metastatic burden. Boxplots display 

median values, interquartile range (IQR) boxes, and whiskers demonstrating 1.5 x IQR. 

(D) Metastatic burden for significantly different genes between altered and wild-type 

(WT) tumors. (E) Clinicopathologic and genomic features across each organ site. The 

fill color corresponds to features enriched in tumors ever metastatic to a given site or 

not metastatic to a given site. (F) Frequency of significant clinicopathologic features and 

genomic alterations in nonmetastatic and ever-metastatic tumors with metastasis to lymph 

node and bone on multivariable analysis. (G) Hazard ratio (HR) for clinicopathologic 

and genomic features in relation to time to metastasis across each organ site. HR >1 

indicates shorter time to metastasis; HR <1 indicates longer time to metastasis. (H) Kaplan-

Meier curves demonstrating site-specific metastasis-free survival (MFS) for Hippo pathway 
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alterations for central nervous system (CNS) metastases and CDKN2A alterations for 

bone metastases. Statistical Analyses: (B) Pearson’s correlation. (C-D) Wilcoxon rank-sum 

test. *p<0.05. (E) Univariate logistic regression. *p<0.05 for clinicopathologic variables 

on univariable analysis; °q<0.05 for genomic features on univariable analysis. q-values 

correct for multiple comparisons using the false-discovery rate (FDR). (F) Multivariate 

logistic regression. Features shown are significant by p<0.05. (G) Cox proportional hazards 

model. p-values calculated from log-rank test. *p<0.05 for clinicopathologic variables on 

univariate analysis; °q<0.05 for genomic features on univariate analysis. Met, metastatic; N, 

no; pStage, pathologic stage; Y, yes.

See also Figures S3, S4, and Table S3.
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Figure 4. Genomic comparisons between primary tumors and metastases.
(A) Left to right: distributions of tumor mutational burden (TMB), fraction of genome 

altered (FGA), whole-genome duplication (WGD), gene alteration frequencies, pathway 

alteration frequencies, and frequency of samples presenting APOBEC signatures across 

groups. Boxplots display median values, interquartile range (IQR) boxes, and whiskers 

demonstrating 1.5 x IQR. Heat map lists alteration frequencies for genes and pathways as 

percentages. Darker colors correspond to higher percentage of altered samples. Statistical 

analysis: Wilcoxon rank-sum test for TMB and FGA; Fisher’s exact test for WGD, gene, 
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pathway, and APOBEC signature frequencies. Significance indicated with a red or green 

* for q<0.05, false-discovery rate (FDR) adjusted. (B) Top to bottom: distributions of 

oncogenic alteration types, number of actionable alterations (levels 1 to 3A), and highest 

level of actionability across grouped sites. (C) Percentage of samples with actionable 

alterations. Color in the left column corresponds to level of actionability. (D) Mutational 

signature profiles of primary and metastatic lesions in WES cohort, with metastases 

stratified by anatomic site. (E) Frequency of samples with signature present for three 

mutational signatures of interest (SBS2, SBS4, SBS13). Statistical analysis: Fisher’s exact 

test. ^ and * indicate q<0.05, FDR adjusted, for comparisons of primary vs. lesion site 

and metastatic lesion site vs. all other metastatic lesions, respectively. CNS, central nervous 

system; M, metastasis; P, primary tumor; VUS, variant of unknown significance.

See also Figures S5–S7 and Tables S4–S6.
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Figure 5. Genomic comparisons between patient-matched primary tumors and metastases.
(A) Median tumor mutational burden (TMB) and fraction of genome altered (FGA) between 

matched primary tumors and metastases. Statistical analysis: Wilcoxon rank-sum test. p-

values as indicated. Right: Proportion of samples with whole-genome duplication (WGD) 

private or shared between primary and metastatic samples. (B) Distribution of shared and 

private alterations stratified by alteration types across sites. (C) Actionability of alterations 

private or shared between primary and metastatic samples across sites. (D) Cancer cell 

fraction (CCF) of shared mutations between primary and metastatic samples. CCF <0.8 
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is considered subclonal. (E) Proportion of shared and private mutations, stratified by 

clonality status for each gene (left) and specific amino acid changes (right). Clonality status 

nomenclature describes mutation clonality first in metastasis and then primary sample. CNA, 

copy number alteration; CNS, central nervous system; Fus, fusion; LN, lymph node; Met, 

metastasis; Mut, mutation; VUS, variant of unknown significance.

See also Figure S8.
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Figure 6. Individual patient comparisons of matched primary and metastatic samples.
(A) Summary of genomic and clinical characteristics of patients with one primary and ≥2 

matched sequenced metastases. Each numbered cluster represents a patient. One column 

represents a sequenced sample with the first column representing the primary sample 

and subsequent columns representing metastatic samples. For example, Patient 1 has one 

primary and five metastatic samples. (B) Phylogenetic trees for two patients with multiple 

matched samples, including timeline of sample acquisition and treatment course. CNS, 
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central nervous system; FGA, fraction of genome altered; LN, lymph node; TMB, tumor 

mutational burden; Tx, treatment; WGD, whole-genome duplication; XRT, radiation.
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Table 1.

Demographic and Treatment Characteristics for Unmatched Cohorts

Characteristic NM (n=318) ES-M (n=258) LS-M (n=190) ML (n=1478)

Age at Date of Tissue Acquisition for IMPACT Sequencing, 
median (IQR), years 67.7 (62.7–73.5) 68.0 (60.1–74.2) 65.2 (58.0–71.1) 66.5 (58.8–73.6)

Sex

 Female 233 (73.3) 159 (61.6) 123 (64.7) 898 (60.8)

 Male 85 (26.7) 99 (38.4) 67 (35.3) 580 (39.2)

Race

 Asian 28 (8.8) 28 (10.9) 35 (18.4) 170 (11.5)

 Black 10 (3.1) 9 (3.5) 14 (7.4) 83 (5.6)

 Other 14 (4.4) 15 (5.8) 12 (6.3) 80 (5.4)

 White 266 (83.6) 206 (79.8) 129 (67.9) 1145 (77.5)

Smoking History

 Ever 240 (75.5) 188 (72.9) 122 (64.2)
-

 Never 78 (24.5) 70 (27.1) 68 (35.8)

Clinical Stage

 I 266 (83.6) 137 (53.1) 14 (7.4)

 II 34 (10.7) 57 (22.1) 5 (2.6)

 III 17 (5.3) 58 (22.5) 2 (1.1)
-

 IV 0 (0) 0 (0) 169 (88.9)

 Unknown 1 (0.3) 6 (2.3) 0 (0)

Pathologic Stage

 I 249 (78.3) 99 (38.4) 0 (0)

 II 46 (14.5) 58 (22.5) 0 (0)
-

 III 23 (7.2) 101 (39.1) 0 (0)

 IV 0 (0) 0 (0) 190 (100)

Surgery

 Yes 100 (0) 241 (93.4) 32 (16.8)
-

 No 0 (0) 17 (6.6) 158 (83.2)

Treatment Prior to IMPACT Sequencing

 Yes 16 (5.0) 41 (15.9) 2 (1.1) 1116 (75.5)

 No 302 (95.0) 217 (84.1) 188 (98.9) 362 (24.5)

Type of Treatment Prior to IMPACT Sequencing

 Chemotherapy 14 (4.4) 35 (13.6) 0 (0) 513 (34.7)

 Immunotherapy 2 (0.6) 2 (0.8) 0 (0) 216 (14.6)

 Targeted Therapy 1 (0.3) 5 (1.9) 2 (1.1) 346 (23.4)

 Radiation 2 (0.6) 5 (1.9) 0 (0) 845 (57.2)

Neoadjuvant Therapy

 Yes 16 (5.0) 40 (15.5) 0 (0) -

 No 302 (95.0) 201 (77.9) 32 (16.8)

 NA 0 (0) 17 (6.6) 158 (83.2)

Type of Neoadjuvant Therapy
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Characteristic NM (n=318) ES-M (n=258) LS-M (n=190) ML (n=1478)

 Chemotherapy 14 (4.4) 35 (13.6)

 Immunotherapy 2 (0.6) 2 (0.8)
- -

 Targeted Therapy 1 (0.3) 3 (1.2)

 Radiation 2 (0.6) 5 (1.9)

Adjuvant Therapy

 Yes 51 (16.0) 100 (38.8) 8 (4.2)

 No 267 (84.0) 126 (48.8) 14 (7.4)
-

 NA 0 (0) 32 (12.4) 168 (88.4)

Type of Adjuvant Therapy

 Chemotherapy 48 (15.1) 84 (32.6) 5 (2.6)

 Immunotherapy 0 (0) 1 (0.4) 1 (0.5)
-

 Targeted Therapy 0 (0) 2 (0.8) 1 (0.5)

 Radiation 11 (3.5) 37 (14.3) 1 (0.5)

NM, nonmetastatic; ES-M, early stage metastatic; LS-M, late stage metastatic; ML, metastatic lesions; IQR, interquartile range; IMPACT, 
Integrated Mutation Profiling of Actionable Cancer Targets.
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Table 2.

Demographic and Treatment Characteristics for Matched Cohort

Characteristic Primary Samples (n = 152) Metastatic Samples (n = 184)

Age at Time of Primary Sample, median (IQR), y 65.8 (57.0–72.0) -

Sex

 Female 100 (65.8)
-

 Male 52 (34.2)

Race 
Asian 18 (11.8)

 Black 11 (7.2)
-

 Other 11 (7.2)

 White 112 (73.7)

Smoking History

 Ever 100 (65.8)
-

 Never 52 (34.2)

Clinical Stage 
I 44 (28.9)

 II 11 (7.2)

 III 26 (17.1)
-

 IV 68 (44.7)

 Unknown 3 (2.0)

Treatment Prior to IMPACT Sequencing 
Yes 47 (30.9) 145 (78.8)

 No 105 (69.1) 39 (21.2)

Type of Treatment Prior to IMPACT Sequencing 
Chemotherapy 25 (16.4) 79 (42.9)

 Immunotherapy 4 (2.6) 32 (17.4)

 Targeted Therapy 28 (18.4) 93 (50.5)

 Radiation 3 (2.0) 37 (20.1)

Definitive Local Therapy for Primary

 Surgery 71 (46.7)
-

 Radiation 14 (9.2)

IQR, interquartile range; IMPACT, Integrated Mutation Profiling of Actionable Cancer Targets.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological Samples

Human tumor and matched normal samples 
(blood)

This paper This paper

Deposited Data

Clinical data, including metastatic events 
at the patient level is deposited for 
visualization, and download 
in the cBioPortal for Cancer Genomics.

This paper https://www.cbioportal.org/study/summary?
id=luad_mskcc_2023_met_organotropism.

Genomic alterations data (mutations, copy 
number alterations, fusions) is deposited 
for visualization, and download in the 
cBioPortal for Cancer Genomics.

This paper https://www.cbioportal.org/study/summary?
id=luad_mskcc_2023_met_organotropism.

GENIE-BPC NSCLCv2.0 Pugh et al, 2022 https://www.aacr.org/professionals/research/aacr-project-genie/bpc/
nsclc/https://genie.cbioportal.org/

Software and Algorithms

cBioPortal Cerami et al., 2012 https://www.cbioportal.org/

FACETS Shen and 
Seshan, 2016

https://github.com/mskcc/facets-suite

IMPACT Pipeline and Analysis tools Cheng et al., 2015 https://github.com/rhshah/IMPACT-Pipelinehttps://github.com/
mskcc

OncoKB Chakravarty et al., 2017 https://github.com/oncokb/oncokb

tempoSig Alexandrov et al., 2013 https://github.com/mskcc/tempoSig

R (v4.1.1) R CRAN https://cran.r-project.org/

Stata(v1.5) StataCorp https://www.stata.com/
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