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Clinical and molecular correlates 
of tumor aneuploidy in metastatic 
non‑small cell lung cancer
Liam F. Spurr 1,2 & Sean P. Pitroda 2,3*

Recent studies have linked elevated tumor aneuploidy to anti-tumor immune suppression and adverse 
survival following immunotherapy. Herein, we provide supportive evidence for tumor aneuploidy 
as a biomarker of response to immunotherapy in patients with non-small cell lung cancer (NSCLC). 
We identify a dose–response relationship between aneuploidy score and patient outcomes. In two 
independent NSCLC cohorts (n = 659 patients), we demonstrate a novel association between elevated 
aneuploidy and non-smoking-associated oncogenic driver mutations. Lastly, we report enrichment of 
TERT amplification and immune-suppressive phenotypes of highly aneuploid NSCLC. Taken together, 
our findings emphasize a potentially critical role for tumor aneuploidy in guiding immunotherapy 
treatment strategies.
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Aneuploidy, an unbalanced chromosome or chromosome arm number, is the most common somatic alteration 
in human cancer1. While our understanding of the role of aneuploidy in the initiation and propagation of cancer 
cells is evolving, recent studies have indicated that elevated levels of aneuploidy may provide a fitness advantage 
for malignant cells2, resulting in a more aggressive tumor phenotype and deleterious prognosis3,4. In addition, 
the available evidence suggests that aneuploidy may promote cancer growth in part through impairing innate 
and adaptive anti-tumor immunity5–7. For instance, aneuploidy has been shown to reduce CD8+ T cell and 
natural killer cell function and infiltration. This has raised questions about whether aneuploidy may impact the 
efficacy of immunotherapy, with recent studies showing an adverse prognosis following treatment with immune 
checkpoint inhibitors (ICIs)8,9. This work has indicated that aneuploidy provides synergistic prognostic value with 
established predictors of ICI response, such as tumor mutational burden (TMB)8,10. Validation of these findings 
in large, multi-institutional datasets will be critical in assessing the reliability and generalizability of aneuploidy 
as a biomarker of ICI response.

ICIs have been particularly central to modern therapeutic strategies for metastatic non-small cell lung can-
cer (NSCLC). However, patients exhibit strikingly heterogeneous responses to ICIs, and NSCLC remains the 
leading cause of cancer related death in the United States. In particular, patients whose tumors exhibit a lower 
TMB or tumor programmed-cell death ligand 1 (PD-L1) expression and patients without a history of smoking 
(whose tumors tend to be driven by oncogenic alterations such as EGFR mutations), frequently have a poor 
response to treatment with ICIs11,12. In addition, many patients with favorable biomarker profiles, such as high 
TMB, frequently do not respond to ICI. Based on the known associations with anti-tumor immunity and poor 
prognosis following immunotherapy, it is possible that the effects of aneuploidy on tumor biology may mediate 
these observations.

To alleviate the deleterious prognosis associated with highly aneuploid NSCLC, adjunctive treatment strate-
gies are critical. Some potential strategies have been proposed, including targeting specific oncogenes13 or taking 
advantage of vulnerability to cytotoxic therapies7,14. It is likely that there are additional analogous avenues through 
which highly aneuploid tumors can be targeted, and further understanding of the genomic and transcriptomic 
features associated with aneuploidy is important to identifying candidate therapeutic vulnerabilities.

Herein, we set out to validate previous work from our group and others6,8,9 demonstrating that elevated tumor 
aneuploidy is associated with poor survival following treatment with ICIs in a multi-institutional cohort15 of 
309 patients (SU2C-MARK Foundation cohort) with NSCLC treated with immunotherapy. We extended these 
findings by comprehensively characterizing the clinicopathologic, immunologic, and molecular correlates of 
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elevated tumor aneuploidy in metastatic NSCLC. Importantly, we validated these novel findings in an independ-
ent cohort of 350 patients with non-small cell lung cancer treated with immunotherapy (MSK-IMPACT cohort).

Results
Validation of the prognostic value of aneuploidy score
We first confirmed that tumor mutational burden (TMB) and aneuploidy score (AS) independently predict sur-
vival in the SU2C-MARK cohort. We utilized previously established ASCETS16 parameters for defining arm-level 
somatic copy-number alterations (aSCNAs)7,8 and validated that both TMB and AS were significantly associated 
with overall survival (OS; Wald P < 0.05).

To optimize aSCNA delineation, we then used bootstrap resampling to tune the ASCETS parameters used to 
call aSCNAs for this cohort (Methods, Supplementary Fig. 1a,b, Supplementary Table 1–3). Using these optimized 
parameters, both TMB and AS were again associated with OS (HR [95% CI] for log10(TMB): 0.54 [0.36–0.80], 
Wald P = 1.9e−3; HR [95% CI] for AS: 3.08 [1.57–6.04], Wald P = 1.1e−3) in a multivariable Cox proportional 
hazards model. In addition, TMB (split at the top 20%ile10) and AS (split at the 50%ile8, 0.49 in this cohort) were 
significantly associated with OS (Log-rank P = 1.7e−05; Fig. 1a). Specifically, among low-TMB (TMB-L) tumors, 
those with high AS (AS-H) exhibited inferior OS (median TMB-L/AS-H: 15.6 months vs median TMB-L/AS-L: 
22.7 months, Log-rank P = 0.012). Among high TMB tumors, there was no difference in OS between AS-H vs. 
AS-L tumors (Log-rank P = 0.38).

We also assessed the relationship between AS and PFS in the SU2C-MARK cohort. In a multivariable Cox 
proportional hazards model both TMB and AS were associated with PFS (HR [95% CI] for log10(TMB): 0.38 
[0.27–0.52], Wald P = 5.6e−9; HR [95% CI] for AS: 1.76 [1.02–3.04], Wald P = 0.044).When patients were binned 
into groups of high and low AS and TMB as above, there was a deleterious effect of aneuploidy on prognosis 
noted among both high and low TMB tumors (Supplementary Fig. 1a).

In addition, we examined the effects of AS and TMB on objective response rate (ORR, the fraction of patients 
who exhibited a partial or complete response by RECIST criteria) and disease control rate (DCR, the fraction 
of patients who exhibited a partial or complete response or stable disease as their best response). High TMB 
tumors exhibited higher DCR and ORR rates than low TMB tumors regardless of AS. Within TMB groups, high 
AS tumors exhibited lower rates of response by both measures. For example, among patients with high TMB 
tumors, those with a low AS had an ORR of 76.2% compared to 63.4% for high AS and a DCR of 95.2% versus 
80.5% (Fig. 1b). Taken together, these findings suggested that highly aneuploid tumors are less likely to respond 
to immunotherapy regardless of TMB, but that subsequent salvage therapies are more efficacious in high TMB 
tumors leading to similar overall survival between AS-L/TMB-H and AS-H/TMB-H tumors. By contrast, sal-
vage therapies are less effective in low TMB tumors given the significant difference in overall survival observed 
between AS-L/TMB-L and AS-H/TMB-L tumors.

Multivariable analysis
To assess the relative importance of aneuploidy score as a predictor of survival while controlling for important 
clinicopathologic variables, we performed least absolute shrinkage and selection operator (LASSO) Cox regres-
sion to control for potential confounding variables, which confirmed AS is an independent predictor of OS, in 
addition to TMB, smoking history (pack-years), number of lines of prior therapy, immunotherapy agent type, 
PD-L1 tumor proportion score (TPS), prior use of platinum agents, as well as tumor histology (Supplementary 
Table 1).

Given the heterogeneous nature of the immunotherapy treatment paradigms among these patients and the 
differential effects on survival noted above, we repeated the survival analysis separately among patients treated 
with single agent PD-(L)1 directed checkpoint inhibitors versus combination anti-PD-(L)1 and CTLA-4 therapy 
(with the exception of 1% of patients treated with combination chemotherapy and anti-PD-(L)1 agents). Inter-
estingly, among low TMB, but not high TMB, tumors treated with single-agent immune checkpoint inhibitors, 
patients with highly aneuploid tumors had worse survival than those with low levels of aneuploidy. On the other 
hand, we found that there was no difference in survival by aneuploidy grouping among either high or low TMB 
tumors in patients treated with combination therapy, suggesting that perhaps the use of combination therapy 
could at least partially attenuate the negative effects of elevated aneuploidy on survival following immunotherapy 
(Supplementary Fig. 1b).

We also examined whether specific aSCNAs drive the AS associations with survival. Only 2q deletion among 
adenocarcinomas, 11q deletion across all tumors, and 13q amplification across all tumors were associated with 
survival (Wald Q < 0.05, Supplementary Table 5). We repeated the analysis controlling for overall AS, as in general, 
any specific aSCNA is more likely to be present by chance in a tumor with high aneuploidy. We found that no spe-
cific aSCNAs were significantly associated with survival in a multivariable Cox proportional hazards model (Wald 
Q > 0.05, Supplementary Table 6), thus highlighting the importance of global aneuploidy on clinical outcomes.

Dose–response relationship between aneuploidy score and clinical outcomes
While binarizing continuous values is clinically useful, it also presents challenges in terms of statistical rigor. 
Thus, we investigated whether there was a gradient of response probabilities with increasing AS. At each unique 
AS, we quantified (1) the fraction of patients exhibiting complete or partial responses by RECIST criteria and (2) 
two-year OS in patients with an AS greater than or equal to the candidate score. We identified a dose–response 
relationship between AS and both RECIST response and 2-year OS probability. The probability of 2-year OS 
increased from 10–20% to 40–50% as AS decreased from 1.0 to approximately 0.46 (Fig. 1c, Supplementary 
Table 7). Notably, an AS of 0.46 is similar to both the cohort median of 0.49 as used above and our previously 
derived optimized threshold of 0.427. Similarly, the probability of response increased from ~ 10–20% to ~ 35% 



3

Vol.:(0123456789)

Scientific Reports |        (2024) 14:19375  | https://doi.org/10.1038/s41598-024-66062-5

www.nature.com/scientificreports/

a

d

AS−L/TMB−H
AS−H/TMB−H
AS−L/TMB−L
AS−H/TMB−L

P = 0.38

P = 0.012

0.0

0.1

0.2

0.3

0.4

0.
00

0.
25

0.
50

0.
75

1.
00

Aneuploidy score

Tw
o−

ye
ar

 O
S 

at
 o

r a
bo

ve
 

an
eu

pl
oi

dy
 s

co
re

0.1

0.2

0.3

0.4

0.
00

0.
25

0.
50

0.
75

1.
00

Aneuploidy score

Pr
ob

ab
ilit

y 
of

 re
sp

on
se

 a
t o

r a
bo

ve
 

an
eu

pl
oi

dy
 s

co
re

0.00

0.25

0.50

0.75

1.00

Fr
ac

tio
n 

of
 p

at
ie

nt
s

Control No control

58.9%

P = 9.51e-4

95.2% 80.5% 64.1%

High
 TMB, lo

w AS

High
 TMB, h

igh
 AS

Lo
w TMB, lo

w AS

Lo
w TMB, h

igh
 AS

Molecular group

30.3%

P = 4.50e-6

0.00

0.25

0.50

0.75

1.00

High
 TMB, lo

w AS

High
 TMB, h

igh
 AS

Lo
w TMB, lo

w AS

Lo
w TMB, h

igh
 AS

Molecular group

76.2% 63.4% 33.6%

Fr
ac

tio
n 

of
 p

at
ie

nt
s

Response No response

c

b

21 8 2 0 0
41 15 2 0 0
125 33 10 2 0
119 21 6 0 0−−−

−
0 25 50 75 100

Time (months)

St
ra

ta

Number at risk

+
+++++ +++

++++

++ ++

++++++++
++++++++

++++++++ +

++++

+++++++++++++++++
+++++++++++++++++++++++++++++++++++++++ +

++
+

++++++++++++++++++++
++++

+++
++++ ++

+ +++
+

0.00

0.25

0.50

0.75

1.00

0 25 50 75 100

Su
rv

iva
l p

ro
ba

bi
lit

y

Figure 1.   Association between aneuploidy score and survival. (a) Kaplan–Meier curves showing association 
of aneuploidy score (AS, binned at the median) and tumor mutational burden (TMB, binned at the top 20th 
percentile) with overall survival (OS) in the SU2C-MARK cohort. Multivariable Wald P values for pairwise 
comparisons are shown. (H: high, L: low) (b) Bar plots of objective response rate (ORR) and disease control 
rate (DCR) among the prognostic groups (TMB: tumor mutational burden, AS: aneuploidy score). Global 
Fisher’s exact test P values and response rates for each group are displayed above each bar (n = 309 samples). (c) 
Relationship between AS and probability of response (n = 309 samples) and (d) two-year overall survival (OS) 
among tumors with aneuploidy scores at least as great as the x-axis value (n = 306 samples).
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when AS decreased from 1.0 to 0.5; thereafter, the probability of response remained constant (Fig. 1d, Supple-
mentary Fig. 2c, Supplementary Table 8).

Association of aneuploidy with clinical and genomic variables
Next, we investigated the association between AS and clinicopathologic and genomic variables. AS and TMB 
were weakly correlated (Spearman rho = 0.23, P = 4.4e−5, Supplementary Fig. 3a). Large-cell neuroendocrine 
(LC-NE) tumors showed the highest median AS (Median AS: LC-NE 0.72 vs. squamous: 0.56 vs. adenocarci-
noma: 0.46 vs. other: 0.44; Kruskal–Wallis P = 0.016, Supplementary Fig. 3b). AS was not associated with PD-L1 
TPS (Supplementary Fig. 3c).

As smoking-associated and non-smoking associated tumors have distinct biological underpinnings, wherein 
patients with NSCLCs driven by mutations not associated with smoking often exhibit worse response to immu-
notherapy, we investigated whether aneuploidy may play a role in this phenomenon. Indeed, among patients with 
lung adenocarcinoma (the histology most frequently driven by oncogenes), tumors with classically smoking-
associated drivers had a significantly lower aneuploidy score than those in patients with non-smoking associ-
ated drivers (median AS in tumors with smoking-associated driver alterations: 0.39 vs non-smoking associated: 
0.58, Wilcoxon P = 0.019, Fig. 2a, Supplementary Table 9). Tumors with no identified oncogene driver had an 
intermediate median AS (0.49). When controlling for PD-L1 status and TMB in a multivariable logistic regres-
sion model, AS was negatively associated with tumors driven by smoking-associated alterations vs non-smoking 
alterations (Beta = − 2.24, P = 0.0064). Similar results were obtained in the MSK-IMPACT cohort (median AS in 
tumors with smoking-associated driver alterations: 0.37 vs non-smoking associated: 0.49, Wilcoxon P = 0.043). 
In the multivariable model there was also a significant relationship, albeit PD-L1 status was not available for 
inclusion (Beta = − 1.76, P = 0.0082).

We further assessed whether AS was associated with specific oncogenic mutations and focal copy-number 
alterations. Only TP53 mutations were associated with elevated aneuploidy score (median AS mutant: 0.56 
vs. median wild-type: 0.36, Wilcoxon Q = 2.2e−4, Fig. 2b, Supplementary Table 10), consistent with existing 
literature1. This finding was recapitulated in the MSK-IMPACT cohort10 (Fig. 2b). Focal amplifications (at least 5 
gene copies greater than the average tumor ploidy) in IL7R, MEF2D, NTRK1, RICTOR, TERT, and TRIP13 were 
also associated with higher median AS (Wilcoxon Q < 0.05, Fig. 2c, Supplementary Table 11); no associations 
between AS and focal deletions (defined as zero gene copies) were significant at Q < 0.05, but deletions in the co-
located CDKN2A, CDKN2B, and MTAP genes were associated with increased AS (Wilcoxon Q = 0.052, Fig. 2d, 
Supplementary Table 11). The relationships between these focal copy-number alterations and aneuploidy score 
were also statistically significant in the MSK-IMPACT cohort, apart from MTAP deletion (Fig. 2c,d).

Based on previous work5–7 demonstrating a negative relationship between tumor aneuploidy and immune 
cell content, we then examined whether AS was associated with immune signaling in the SU2C-MARK cohort. 
AS negatively correlated with ESTIMATE immune score17, indicating that highly aneuploid tumors may have 
reduced total immune cell content (Spearman rho = − 0.43, P = 2.3e−4). We also found that the expression of 1254 
genes were significantly associated with AS (Spearman Q < 0.05), 555 of which were positively correlated and 699 
were negatively correlated (Fig. 3a, Supplementary Table 12). Of these 699 genes, 103 were linked to immune 
signaling18, including cytokines/chemokines, antimicrobials (such as cell-surface receptor proteins), and genes 
representing B/T/NK cell function (Fig. 3a). In addition, genes expressed in low AS, but not high AS, NSCLC 
were enriched for immune-related pathways (odds ratio [95% CI] 10.47 [5.24–23.78], Fisher P < 2.2e−16). Both 
innate and adaptive immune gene expression programs, including IFN gamma, interleukin, TNF alpha, and 
inflammatory signaling, were significantly downregulated in highly aneuploid tumors (Spearman Q < 0.05). In 
contrast, elevated G2M checkpoint, E2F targets, mitotic spindle, MYC targets, and MTORC1 signaling correlated 
with higher AS (Spearman Q < 0.05; Fig. 3b, Supplementary Table 13). We specifically examined curated immune 
cell signatures from the SU2C-MARK dataset15 and found cytotoxic cell, memory T cell, dendritic cell, B cell, and 
plasma cell signatures were decreased in high AS NSCLC (Spearman Q < 0.05; Fig. 3c, Supplementary Table 14).

Discussion
Taken together, across more than 300 metastatic NSCLCs in the SU2C-MARK cohort, we validate that aneuploidy 
score is an independent, complementary prognostic factor for patients treated with immune checkpoint inhibi-
tors, consistent with our previous findings in the 350 patient MSK-IMPACT cohort8. Importantly, aneuploidy 
score exhibited a dose–response relationship with objective response rate and overall survival. Patients with 

Figure 2.   Relationships between aneuploidy and genomic features in the SU2C-MARK and MSK-IMPACT 
cohorts. (a) Boxplot comparing aneuploidy scores (AS) by tumors with smoking-associated driver mutations 
(SA Drivers), driver mutations not associated with smoking (NSA Drivers) and tumors with no known driver 
mutations (None) in patients with lung adenocarcinoma; Kruskal–Wallis test (SU2C-MARK: n = 220 patients, 
MSK-IMPACT: n = 252 patients). (b) Boxplots comparing AS in tumors with oncogenic TP53 mutations 
(Mut) to wild-type (Wt) tumors. Benjamini–Hochberg adjusted P value (Q) for Wilcoxon rank sum text. 
The top and bottom edges represent the first and third quartiles, respectively. The center line represents the 
median. Whiskers extend to the furthest data points before any outliers (within 1.5 × the interquartile range). 
(c) Boxplots comparing AS in tumors with and without amplifications (amp, SU2C-MARK: ≥ 5 copies above 
average sample ploidy, MSK-IMPACT: log2 copy ratio > 0.75). Benjamini–Hochberg adjusted P value (Q) for 
Wilcoxon rank sum text. (d) Boxplots comparing AS in tumors with and without deletions (del, SU2C-MARK: 
0 copies, MSK-IMPACT: log2 copy ratio < -−1.2). Benjamini–Hochberg adjusted P-value (Q) for Wilcoxon rank 
sum text (SU2C-MARK: n = 309 samples, MSK-IMPACT: n = 350 patients).

◂
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Figure 3.   Immune and pathway correlates of aneuploidy in the SU2C-MARK cohort. (a) Spearman correlations 
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least 0.3 in magnitude are plotted on the scatter plot (n = 68 patients). Benjamini–Hochberg adjusted P-values 
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aneuploidy affecting more than half of the genome were especially unlikely to exhibit an objective response 
to immunotherapy. However, the deleterious impact of aneuploidy on survival appeared to be attenuated in 
patients treated with combination anti-PD-(L)1 and anti-CTLA-4 immune checkpoint blockade (and potentially 
combination chemotherapy and anti-PD-(L)1 agents) as opposed to single agent PD-1/PD-L1 directed therapy.

Whereas there was no significant impact of aneuploidy score on overall survival among high TMB patients, 
interestingly, we found that there was a numerical difference in progression-free survival between high and 
low AS among both high and low TMB tumors. One possible explanation is that highly aneuploid tumors are 
less likely to respond to immunotherapy regardless of their TMB, but that poor responses to immunotherapy 
of tumors with both high TMB and high aneuploidy tumors can be salvaged with subsequent lines of therapy, 
such as chemotherapy and/or radiotherapy7,14, whereas this approach is potentially less successful in highly 
aneuploid, low TMB tumors.

We found that individual aSCNAs were not significantly associated with overall survival. While this result 
could be cohort-specific, as a recent study showed a relationship between 9p loss and survival in the setting of 
ICI treatment6, our data suggests that aneuploidy elicits immune suppression by downregulating several criti-
cal immune signaling pathways5,14. We posit that at a certain level of aneuploidy, the probability of disrupting 
key anti-tumor immune pathways becomes sufficient such that tumors are highly likely to acquire sufficient 
gene dosage imbalances3 and exhibit a resistant phenotype. This phenomenon may be particularly deleterious 
to patient survival in cases where few neoantigens are present to stimulate anti-tumor immunity, such as those 
with low TMB.

Expression signatures of innate immune pathways, such as dendritic cell activation and various cell surface 
receptors were inversely correlated with aneuploidy score. Our analysis corroborates prior findings that ane-
uploidy is linked to decreased cytotoxic (CD8 + and natural killer) cell infiltration5,7. The results additionally sug-
gest that aneuploidy is associated with impaired dendritic cell recruitment, which has been previously described 
to result in decreased T cell priming19 and thereby act as an ICI resistance mechanism in melanoma20. In addition, 
the strong correlation of aneuploidy with cell cycle and proliferation pathways is in line with previous studies 
demonstrating that highly aneuploid tumors exhibit an aggressive phenotype3,4.

In both the SU2C-MARK and MSK-IMPACT cohorts, adenocarcinomas driven by oncogenes that predomi-
nantly occur in never-smokers demonstrated an elevated degree of aneuploidy. This patient population is known 
to often exhibit a poor response to immunotherapy, which has partially been attributed to a lower TMB11,21. Given 
the observed synergistic predictive value of TMB and aneuploidy, it is possible that aneuploidy also plays a role 
in mediating this immunotherapy resistant phenotype.

In two independent cohorts, we found that tumors with TP53 mutations exhibited a higher aneuploidy score 
than their wild-type counterparts, indicating mutant p53 may promote tolerance of aneuploidy1. We also con-
firmed that a high aneuploidy score was associated with focal deletions in CDKN2A/B, which have previously 
been linked to poor response to immunotherapy22. Amplifications of TERT, often of 10–20 copies, were also 
highly associated with increased aneuploidy score, and TERT amplifications have been previously linked to poor 
prognosis in NSCLC23,24. Specifically, TERT amplifications only occurred in tumors above the 33rd percentile of 
AS and 19/22 of the amplifications in our cohort were in highly aneuploid tumors in the SU2C-MARK cohort 
(greater than or equal to the median aneuploidy score). While increasing levels of aneuploidy often confer a 
survival advantage for tumor cells, they also induce replication stress and premature senescence. TERT expres-
sion has previously been shown to bypass this phenomenon and allow continued cell division24. Perhaps the 
mechanism of adverse prognosis associated with TERT amplification could be mediated partially by telomerase-
permitted tumor aneuploidy. If validated in future studies, dependence on TERT overexpression could represent 
a common therapeutic vulnerability among highly aneuploid tumors, which could be exploited with adjunctive 
treatment with emerging small molecule inhibitors25 to improve survival following immunotherapy.

Collectively, our findings provide important supporting evidence for the role of high tumor aneuploidy in 
predicting reduced response to, and overall survival following, treatment with immune checkpoint inhibitors. 
These data confirm previous studies from our group and others5–8,12,26–28 demonstrating the deleterious effects of 
aneuploidy (and related measures of copy-number alteration burden, such as the fraction of genome altered) on 
patient outcomes following immunotherapy. Importantly, we build upon this foundation to elucidate the genomic 
and immunologic correlates of tumor aneuploidy, including key associations with TERT amplification and non-
smoking associated tumors. We propose these findings will contribute to emerging translational evidence indicat-
ing the potential of utilizing tumor aneuploidy to guide treatment selection for patients with NSCLC.

Methods
Data sources
All clinicopathologic, genomic, and transcriptomic data for the SU2C-MARK cohort15 were obtained from the 
repository associated with the original manuscript15: https://​zenodo.​org/​recor​ds/​78495​82, including clinical 
outcomes, patient-level clinical information, tumor mutational burden (TMB), mutation calls, normalized gene 
expression data, segmented copy-number data, and ABSOLUTE purity and ploidy estimations. Further details 
on the generation of this data can be found in the original manuscript.

Clinical outcomes and mutation data for the MSK-IMPACT​10 cohort were downloaded from the associated 
cBioPortal repository, and segmented copy-number data were downloaded from AACR Project GENIE v15.0 
(see Data Availability statement below).

All methods were carried out in accordance with relevant guidelines and regulations. No institutional approval 
was required as all patient data in this publication was publicly available.

https://zenodo.org/records/7849582
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Gene level mutation and copy‑number analysis
For the SU2C-MARK cohort, mutation calls were obtained from the manuscript’s Zenodo repository as above. 
Only mutations categorized as “Oncogenic” or “Likely Oncogenic” per the OncoKB annotation were considered 
for analysis. For the MSK-IMPACT cohort, the OncoKB-annotated list of driver mutations as presented in the 
study’s cBioPortal repository were included. Oncogenic drivers were classified as smoking- or non-smoking-
associated based on previous work21,29–33.

Gene-level copy-number calls were generated from the segmented copy-number data from the Zenodo 
repository for the SU2C-MARK cohort and from AACR Project GENIE v14.0 for the MSK-IMPACT cohort. Seg-
ments overlapping the coordinates of the gene of interest (obtained from ensemble Biomart) were identified and 
the genes were assigned the copy-number (“corrected_total_cn” for the SU2C-MARK cohort and the log2 copy 
ratio for the MSK-IMPACT cohort as integer copy number calls were unavailable) of their overlapping segment. 
In cases where multiple segments overlapped a gene, the length-weighted average of the segment copy-number 
was taken. Genes were considered amplified if their copy-number was at least five copies above the average 
sample ploidy rounded to the nearest whole number or their log2 copy ratio was > 0.7534; they were considered 
deleted if their copy-number was zero or their log2 copy ratio was < − 1.2. Only genes with oncogenic mutations 
present in at least 5 out of the 309 patients with exome data were assessed for correlations with aneuploidy score. 
An analogous approach was taken for focal amplifications and deletions: only genes identified as known tumor 
suppressor (deletions) or oncogenes (amplifications) per OncoKB annotation which were altered in at least five 
patients were further analyzed. Only genes that were identified as having a statistically significant relationship 
with aneuploidy in the SU2C-MARK cohort were assessed in the MSK-IMPACT cohort.

Arm‑level copy number and aneuploidy score quantification
Arm-level somatic copy number alterations (aSCNAs) were called using ASCETS16 on segmented copy-num-
ber data (log2 copy ratio threshold =  ± 0.1; arm alteration fraction threshold = 0.5; min breadth of coverage 
[BOC] = 0.5) as per optimization below. Aneuploidy scores were calculated for each sample by computing the 
fraction of evaluable arms (ASCETS call ≠ LOWCOV) affected by aSCNAs (ASCETS call = AMP or DEL).

ASCETS parameter optimization
Bootstrap resampling was used to optimize the log2 copy ratio amplitude and alteration fraction thresholds. 
From the set of 306 samples in the SU2C-MARK cohort with exome and overall survival data, 10,000 sets of 306 
samples were randomly selected with replacement. On each bootstrap sample, Cox proportional hazards models 
with aneuploidy score (AS) and tumor mutational burden (log10 scale) as independent variables were constructed 
at multiple amplitude thresholds (0.1–0.5 in increments of 0.1) and alteration fraction thresholds (0.5–0.9 in 
increments of 0.1). Multivariable Wald P values and hazard ratios for overall survival were aggregated across 
the 10,000 bootstrap samples (Supplementary Fig. 1a-b). The pairing of amplitude and alteration thresholds 
which resulted in the smallest mean P value across the bootstrap samples was selected as the optimal threshold.

Based on the optimization results, regions with log2 copy ratios of magnitude ≥ 0.1 are considered altered 
(the same as above). Orthogonally, copy ratio threshold of 0.1 appears appropriate as it estimates the full-width 
at half maximum (FWHM) of the central peak of aggregated copy-number segment means across the cohort, as 
is recommended per the ASCETS manuscript16 (Supplementary Fig. 1c).

To constitute an aSCNA, the sum of all alterations must cover at least 50% (alteration fraction threshold: 0.5) 
of the genomic territory on a chromosome arm. Although 50% of an arm may appear to be a lenient threshold 
to constitute an arm-level event, it is likely that focal copy-number gains superimposed on arm-level losses and 
vice versa, as well as subclonal aSCNAs, confound more stringent aSCNA calling thresholds, and thus a more 
lenient threshold is appropriate in this setting. Thresholds requiring up to 90% of the arm to be altered were 
significantly associated with survival, however 50% showed the best performance with the greatest mean hazard 
ratio and lowest mean P-value across bootstraps (Supplementary Tables 1–2). In addition, aSCNA calls using 
these parameters identified chromosome arm alteration frequencies consistent with previous studies1, further 
supporting the notion that these parameters are appropriate for calling aSCNAs (Supplementary Table 3).

Hallmark pathways
Single-sample GSEA was performed TPM RNA-seq data using the gsva package in R on the set of Hallmark 
gene sets (h.all.v7.4.symbols.gmt).

Immune analysis
The Estimation of Stromal and Immune cells in Malignant Tumours using Expression data (ESTIMATE) 
algorithm35 was implemented using the R tidyestimate package. Curated cell type signatures were obtained 
from the Supplementary Tables of the original manuscript15. Genes were identified as “immune genes” and were 
categorized using the Immport database18.

Statistical analysis
All analyses were performed using R version 4.3.1. Comparisons between a discrete independent variable and 
continuous independent variable were analyzed using Kruskal–Wallis and Wilcoxon tests. Correlations between 
continuous variables were assessed using a Spearman correlation. P values were corrected for multiple compari-
sons using the Benjamini–Hochberg method for false discovery rate; these corrected P values are denoted as 
Q-values. All tests were two-tailed and P or Q < 0.05 was considered significant.
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LASSO Cox proportional hazards regression was performed using the glmnet R package. The following 
variables were included in the model as potential predictors: TMB, AS, pack-years of smoking, stage at diag-
nosis, patient sex, patient race, patient age, line of therapy, immunotherapy treatment paradigm, PD-L1 tumor 
proportion score, prior treatment with platinum agents, prior treatment with tyrosine kinase inhibitors, and 
tumor histology. Missing value imputation was performed as implemented in the glmnet package; 25 patients 
were missing race annotations, 20 were missing staging annotations, and 116 were missing PD-L1 annotations. 
Leave-one-out cross validation was performed using the cv.glmnet function, and the minimal lambda value was 
selected as the optimal value for the final model.

Per the original manuscript15, overall survival was defined as the interval between date of treatment start with 
a PD(L)1 agent and death (event) or last follow-up (censor); response data were assessed using RECIST v1.1.

Kaplan–Meier curves were generated using the survminer package in R; a log-rank test was used to compare 
survival between groups. Hazard ratios and confidence intervals were calculated using a Cox proportional 
hazards regression model.

Data availability
All original data for the SU2C-MARK Foundation cohort15 are available from the original manuscript’s Zenodo 
repository: https://​zenodo.​org/​recor​ds/​78495​82. All data for the MSK-IMPACT cohort10 is deposited at the 
following cBioPortal repository: https://​www.​cbiop​ortal.​org/​study/​summa​ry?​id=​tmb_​mskcc_​2018 and AACR 
Project GENIE: https://​www.​synap​se.​org/#​!Synap​se:​syn72​22066/​wiki/​405659. All modified and/or newly gener-
ated data are available at this manuscript’s associated Zenodo repository: https://​zenodo.​org/​recor​ds/​11671​61036.

Code availability
All proprietary code necessary to replicate the results and figures in this manuscript are available at this manu-
script’s associated Zenodo repository: https://​zenodo.​org/​recor​ds/​11671​61036.
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