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Abstract

Purpose: The majority of broad-panel tumor genomic profiling has used a gene-centric
approach, although much of that data is unused in clinical decision-making. We hypothesized that
a pathway-centric approach using next-generation sequencing, combined with conventional
clinicopathologic features, may better predict disease-free survival (DFS) in early-stage lung
adenocarcinoma.

Experimental Design: Utilizing our prospectively maintained database, we analyzed 492
patients with primary, untreated, completely surgically resected lung adenocarcinoma. Ten
canonical pathways were analyzed using broad-panel next-generation sequencing. The correlations
of disease-free survival and number (and type) of pathway (NPA) were analyzed using the Kaplan-
Meier method and log-rank test. Associations between altered pathways and clinicopathologic
variables, as well as identification of actionable therapeutic strategies, were explored.

Results: Median NPA for the cohort was 2 (range, 0-5). Smoking status, solid morphologic
appearance on preoperative CT, maximal standardized uptake value, pathologic tumor size,

*The order of this author has changed.

Corresponding author: David R. Jones, MD, Professor & Chief, Thoracic Surgery Service, Memorial Sloan Kettering Cancer Center,
1275 York Avenue, Box 7, New York, NY 10065, Phone: 212-639-6428; Fax: 232-639-6686; jonesd2@mskcc.org.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 2

aggressive histologic subtype, lymphovascular invasion, visceral pleural invasion, and positive
lymph nodes were significantly associated with NPA (/<0.05). Of 543 actionable genetic
alterations identified, 455 (84%) were within the RTK/RAS pathway. Eighty-six tumors had
actionable therapeutic genomic alterations in >1 pathway. On multivariable analysis, higher NPA
was significantly associated with worse DFS (HR, 1.31; P=0.014).

Conclusions: NPA and specific pathway alterations are associated with clinicopathologic
features in patients with surgically resected lung adenocarcinoma. Cell cycle, Hippo, TGFp, and
p53 pathway alterations are associated with poor DFS. Finally, NPA is an independent risk factor
for poor DFS in our cohort.
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Introduction

Broad-panel genomic sequencing is increasingly used to select targeted therapies and
precision medicine strategies for patients with lung cancer (1). However, a recent study
found that <5% of patients who underwent broad-panel genomic sequencing benefited from
it, compared with patients who received only EGFR and/or ALK testing (2). This raises the
possibility that much of the information included in genomic sequencing panels is currently
not well-utilized. Heretofore, the majority of tumor genomic analyses have focused on gene-
centric approaches that detect driver alterations and identify functionally irrelevant
passenger events, particularly in solid tumors with higher mutational burdens (3). Cancer
cell biology and its resulting clinical phenotypes are driven by different pathways, many of
which have upstream oncogenic alterations that lead to similar downstream alterations and
phenotypes within the same pathway (3,4). Therefore, a pathway-centric approach has been
proposed to better identify functional alterations in selected oncogenic pathways, to explore
co-occurrence and mutual exclusivity between pathways, and to identify relevant pathway
alteration(s) that may be therapeutically exploited. We recently examined The Cancer
Genome Atlas (TCGA) and comprehensively identified 10 canonical pathways covering
89% of 9125 different solid tumor types, which now provides a curated and standardized
pipeline to perform pathway-centric next-generation sequencing (NGS) studies (5).

Lung adenocarcinoma is a genomically well-annotated malignancy with a high background
mutational burden. The majority of lung adenocarcinoma genomic analyses have focused on
metastatic disease (6), with the 2014 TCGA analysis the only study to examine genomic
changes in earlier-stage lung adenocarcinoma (7). While surgical resection is the preferred
treatment for early-stage lung adenocarcinoma, there remains a relatively high recurrence
rate, even in pathologic node-negative disease (8—12). Therefore, a significant knowledge
gap exists in identifying patients at risk for recurrence following complete surgical resection
of lung adenocarcinoma. To address this, we performed a comprehensive analysis to
investigate associations between tumor genomic pathway alterations and selected
clinicopathologic features and disease-free survival (DFS) in patients with lung
adenocarcinoma who have undergone complete resection.
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Methods

Patient Cohort

This study was approved by the institutional review board at Memorial Sloan Kettering.
Using our prospectively maintained database, we identified patients who underwent
complete surgical resection (RO) for lung adenocarcinoma and had targeted NGS (MSK-
IMPACT) performed on their primary tumor between February 2008 and January 2018.
Exclusion criteria included induction therapy, microscopic or macroscopic residual disease
(R1/R2 resection), low-quality NGS, stage 1V disease, and mixed tumor type
(Supplementary Figure 1).

Clinical characteristics, preoperative computed tomography (CT), positron emission
tomography (PET) images, and pathologic reports (8™ edition AJCC Cancer Staging
Manual) were reviewed. Follow-up was performed in accordance with NCCN guidelines
(13). Recurrences were distinguished from metachronous tumors using Martini and
Melamed criteria, with confirmation from pathologic and genomic relatedness when
available (14).

MSK-IMPACT Sequencing

Sequencing for MSK-IMPACT was performed as previously described (15). Patient
clinicopathologic data were matched with genomic data and visualized using the cBioPortal
for Cancer Genomics (16,17). Tumor DNA and corresponding patient-matched blood DNA
were extracted. All exons and selected introns were sequenced using the MSK-IMPACT
panel to identify somatic alterations, copy number alterations, and mutations. Median
sequencing coverage was 764X (range, 164-1424). Selected panel sizes have been used over
time (341-, 410-, and 468-gene panels for 14, 228, and 250 patients, respectively). Tumor
mutational burden (TMB) was defined as the total number of nonsynonymous single-
nucleotide or insertion/deletion mutations divided by the number of Mbs in the coding
region captured by each panel (0.98, 1.06, and 1.22 Mb in the 341-, 410-, and 468-gene
panels, respectively) (18). We have previously shown that TMB calculations using this NGS
panel are strongly associated with the TMB assessed by whole-exome sequencing (18). The
fraction of genome altered (FGA) was defined as the fraction of log2 copy number variation
(gain or loss) >0.2 divided by the size of the genome whose copy number was profiled. FGA
was corrected for tumor purity, ploidy and clonal heterogeneity using the FACET method
(19).

Pathway Alteration and Therapeutic Actionability Identification

We evaluated 10 canonical signaling pathways using the templates provided in the signaling
pathways manuscript from the TCGA PanCancer Atlas project (5). The pathways analyzed
were (1) cell cycle, (2) Hippo, (3) Myc, (4) Notch, (5) oxidative stress response/Nrf2, (6)
PI3K, (7) receptor-tyrosine kinase (RTK)/RAS/MAPK, (8) TGFp, (9) p53, and (10) p-
catenin/Whnt. In total, 109 genes were identified at the intersection of the a priori pathway
templates (5) and the MSK-IMPACT panel (Supplementary Table 1). A tumor was
considered “altered” in the specific pathway when =1 gene relative to control in the
corresponding pathway template was altered. The status of specific pathways was
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determined to be either altered or wild-type for each patient. Number of pathway alterations
(NPA) was calculated as the total number of altered pathways out of the 10 identified
pathways for each patient.

Therapeutic actionability information was annotated using OncoKB on June 5, 2018 (20).
Each potentially actionable genomic alteration was stratified into 1 of 6 levels. Detailed
methods used for stratification of therapeutic actionable genetic events are included in the
Supplementary Methods. CDK4and MDM?Z2 genomic data from the TCGA PanCancer Atlas
lung adenocarcinoma cohort (6) were accessed using cBioPortal.

Statistical Methods

Results

Associations between clinicopathologic and genomic characteristics, specific pathway
alterations, and NPA were analyzed using Fisher’s exact test or Cochran-Armitage test for
categorical variables and Wilcoxon rank-sum test or Spearman’s rank correlation test for
continuous variables. When comparisons were repeatedly performed across 10 pathways, P
values were adjusted using the false discovery rate (FDR) method when needed.

The primary outcome of interest was DFS, defined as the duration between surgery and
recurrence or death without recurrence. Patients were censored at the last follow-up. Median
follow-up was calculated on the basis of the reverse Kaplan-Meier approach (21). DFS was
estimated using the Kaplan-Meier approach and compared between clinicopathologic
characteristics and pathway alterations using log-rank tests, stratified by pathologic stage
where appropriate. For the DFS analysis, NPA was considered a linear factor, as there was
inadequate evidence to reject the linearity assumption (Wald F-Statistic X2=0.09; P=0.8)
using restricted cubic splines.

The primary objective was to quantify the prognostic value of NPA. The relationships
between NPA and clinically relevant factors were quantified using Cox proportional hazards
models, stratified by pathologic stage (except in the cases of stage, tumor size, lymph node
status, and visceral pleural invasion [VPI]). A multivariable model was constructed starting
with all factors with A<0.1 in the univariable analyses. Multiple imputations were conducted
to address missing data (details in online supplement). To avoid loss of information by using
the simple summary of NPA, we compared an NPA-only model with a model that included
all 10 pathways as individual variables in a multivariable penalized Cox model. Performance
of each model was quantified as discrimination (C-index) or calibration (details in online
supplement).

Pathway or gene mutual exclusivity or co-occurrence was analyzed using Fisher’s exact test,
and Pvalues were adjusted (FDR method). All analyses were two-sided, and A<0.05 was
considered statistically significant. Statistical analyses were conducted using Stata 13.1
(Stata, College Station, Texas) and R 3.5.1 (Vienna, Austria).

In total, 492 patients met the inclusion criteria, of whom 356 (72%) had stage | disease.
Median follow-up was 19 months (95% ClI, 18.4-20.1). Alterations in common lung
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adenocarcinoma driver genes included 40% KRAS, 26% EGFR, 5% BRAF, 1.6% ALK,
0.8% ROS1, and 0.6% MET (Figure 1A). Alterations in these driver genes were found to be
evenly distributed across all NPA groups. The alteration frequencies of the 109 genes
utilized for pathway analysis are included in Supplementary Table 2. Median NPA was 2
(range, 0-5) (Figure 1A, Table 1). The most and least frequently altered pathways were
RTK/RAS (n=415 patients [84%]) and TGFp (n=13 patients [3%]). Of the 164 patients with
only 1 pathway alteration, 141 (86%) had the RTK/RAS pathway altered. Comparatively,
90% of patients (160/178) with NPA=2, 91% (86/94) with NPA=3, 85% (23/27) with
NPA=4, and 83% (5/6) with NPA=5 had the RTK/RAS pathway altered. The RTK/RAS
pathway was divided into two pathways as a function of NPA to better visualize the
alteration frequencies of individual genes in the RTK and RAS/RAF pathways
(Supplementary Figure 2). Median normalized TMB was 4.7 (range, 0-164.2), and median
FGA was 4.3% (range, 0%-49.8%).

Pathway Alterations and Genomic Features

TMB and FGA are essential genomic features reported to be associated with survival and
recurrence in patients with cancer (22-25). We investigated the correlation of TMB and
FGA with pathway alterations and found, as NPA increased, TMB (p=0.50; A<0.001)
(Figure 1B) and FGA (p=0.31; /<0.001) (Figure 1C) increased correspondingly. However,
the correlation between TMB and FGA was significant, but the magnitude of correlation
(p=0.12; P=0.006) is considered negligible on the basis of the interpretation (26) by Hinkle
et al. (Figure 1D).

We next examined the association between TMB, FGA, and individual pathway alterations
(Supplementary Table 3). Tumors with cell cycle, Hippo, Myc, Notch, Nrf2, PI3K, p53, or
Whnt pathway alterations had significantly higher TMB than tumors without these pathway
alterations (Figure 1E). Similarly, tumors with cell cycle and p53 pathway alterations had
significantly higher FGA than tumors without these pathway alterations (Figure 1F).

Pathway Alterations and Clinicopathologic Features

We then investigated associations between NPA and selected poor-risk clinicopathologic
factors (Figure 2A-H). As NPA increased, the rate of ever-smokers also significantly
increased (Cochran-Armitage test, £<0.001). Similar analyses showed increasing proportion
of solid tumor morphologic appearance on preoperative CT, PET tumor maximal
standardized uptake value (SUVmax) (p=0.28; A<0.001), pathologic tumor size (p=0.20;
£<0.001), aggressive histologic subtype (micropapillary or solid) (Cochran-Armitage test,
F£<0.001), lymphovascular invasion (LVI; Cochran-Armitage test, A<0.001), VPI (Cochran-
Armitage test, ~=0.04), and lymph node status (Cochran-Armitage test, A=0.001) were all
associated with increasing NPA.

Finally, we investigated the association between clinicopathologic features and individual
pathway alterations (Supplementary Table 3, Supplementary Figure 3). Nrf2 and PI3K
pathway alterations were associated with smoking status. Cell cycle, Hippo, Nrf2, PI3K,
p53, and Wnt pathway alterations were associated with solid tumor morphologic appearance
on CT scan. Cell cycle, p53, and Wnt pathway alterations were associated with higher tumor
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SUVmax. Cell cycle, p53, Wnt pathways were associated with pathologic tumor size. P53
pathway alteration was associated with aggressive histologic subtype and LVI.

Pathway Alterations and DFS

A DFS event occurred in 79 individuals, with 70 (89%) experiencing recurrence of their
disease. The recurrence rate was 33% for patients with =4 NPA and 9% for those with 0
NPA (Figure 21). The median DFS for patients with >4 NPA was 25.6 months (95% CI,
9.7-41.6); patients with 0 NPA had a median DFS of 89.4 months (95% ClI, 10.7-168.1)
(Figure 2J). We next examined pathologic stage—specific DFS on the basis of NPA and
observed that increasing NPA was associated with worse DFS in stages I, I, and 11l LUAD
(Supplementary Figure 4). Altered pathways were associated with worse 2-year DFS (95%
CI) versus wild-type pathways for cell cycle (70.5% [59.0%-84.2%] vs. 82.4%
[77.6%-87.5%]; log rank P=0.03), Hippo (38.9% [14.8%-100.0%] vs. 81.6%
[77.1%-86.4%]; log rank P=0.046), TGFB (21.2% [4.0%-100.09] vs. 82.2%
[77.8%-86.8%]; log rank A<0.001), and p53 (70.9% [63.3%-79.4%] vs. 87.0%
[81.8%-92.7%]; log rank A£<0.001) (Figure 3). On univariable analysis, when stratified by
stage, increase in NPA was associated with worse DFS (HR, 1.38 [95% CI, 1.12-1.69];
P=0.002) (Table 2). Other clinicopathologic factors, including solid tumor morphologic
appearance, tumor SUVmax, pathologic tumor size, pathologic stage, LVI, predominant
histologic subtype, VVPI, lymph node status, and FGA, were significantly associated with
DFS in univariable models (Table 2). However, subsequent multivariable analysis revealed
only NPA (HR, 1.31 [95% CI, 1.06-1.62]; P=0.01), solid tumor morphologic appearance,
tumor SUVmax, and pathologic stage were independently associated with DFS (Table 2).

We next compared the simple pathway analysis model (simple-PA model; includes only
NPA) with the complex pathway analysis model (complex-PA model; includes the 10
pathways) (Supplementary Table 4) in terms of performance by quantifying their
discrimination and calibration. The cross-validated C-indexes were 0.658 (95% Cl,
0.576-0.732) and 0.657 (95% ClI, 0.530-0.750) for the simple-PA and complex-PA models.
Bias-corrected calibration curves confirmed the simple-PA model was well-calibrated,
whereas the complex-PA model tended to underestimate DFS (Supplementary Figure 4).

Mutual Exclusivity, Co-occurrence, and Therapeutic Actionabilities

The mutual exclusivity of a pathway or gene may reflect functional redundancy or synthetic
lethality (27,28), whereas co-occurrence(s) may reflect functional synergies important in
resistance to targeted therapies (29). Of the 10 pathways investigated, 2 pairs, p53—cell cycle
(OR, 5.78; £<0.001) and PI3K-Nrf2 (OR, 7.17; A<0.001), co-occurred with statistical
significance (Figure 4A). We found no mutual exclusivity among pathways in our cohort.
Within the p53—cell cycle and PI3K-Nrf2 pathways, alterations in three pairs of genes—
CDK4-MDM2 (Log2 OR>3; P<0.001), RB1-TP53(Log2 OR=2.81; P=0.03), and STK11-
KEAPI (Log2 OR>3; £<0.001)—co-occurred with statistical significance (Figure 4B).

Co-occurrences of CDK4 (cell cycle pathway) and MDM?Z2 (p53 pathway) amplification
were significant (n=26 cell cycle, n=30 p53, n=16 both) (Figure 4C). This pair of genes also
has corresponding level 2B (palbociclib and abemaciclib for CDK amplification) and level 4
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(DS-3032b and RG7112 for MDM2 amplification) actionable drugs. This observation
suggests patients with tumors with co-occurent CDK4 and MDMZ2 amplifications may
benefit from combined therapies that target both pathways. Supporting our observation,
analysis of the TCGA lung adenocarcinoma cohort (5) reveals these genes have a significant
co-occurrence (Log2 OR>3; A<0.001) (Figure 4C).

Finally, using OncoKB, we investigated the therapeutic actionability of selected genomic
alterations. We identified 543 actionable genomic alteration events across 437 tumors
(Figure 4D). A list of tumors with targetable alterations at the pathway and gene level with
associated therapies and levels of evidence as curated using OncoKB can be found in
Supplementary Table 5. Of these 543 actionable alterations, 455 (84%) were within the
RTK/RAS pathway—including all level 1 and level 2A actionable alterations. Interestingly,
tumors with RTK/RAS pathway alterations had the lowest mean NPA (n=2) and the highest
proportion of tumors with 1 NPA (Figures 4D and 4E). Of the 437 tumors with actionable
alterations, 351 had actionable therapeutic alterations in only 1 pathway; the other 86 had
actionable therapeutic alterations in >1 pathway (Figure 4F).

Discussion

To our knowledge, this is the first study to comprehensively investigate the association
between selected pathway alterations and detailed clinicopathologic features and DFS in
patients with completely resected lung adenocarcinoma using broad-panel NGS. Ninety-five
percent of our cohort had at least 1 pathway alteration, and our analysis used 109 genes, of
which 57 were altered in <2% of patients. This “long tail” distribution (30-32) of altered
genes may complicate the identification of the functionally relevant driver genes from the
passenger genes. However, as we show, aggregating these genes into biologically relevant
molecular pathways permits the identification of associations with relevant clinicopathologic
features and DFS.

It is unknown which pathway alteration(s) initiate the progressive evolution of normal tissue
along the continuum toward a neoplastic state. Our results revealed that, among patients with
1 NPA, 86% had an alteration in the RTK/RAS pathway. Of the 10 oncogenic pathways
studied, the RTK/RAS pathway comprised the greatest number of clinically relevant genes
(n=38), including three common driver genes in lung adenocarcinoma (KRAS, EGFR,
BRAF). Activation of the RTK/RAS pathway leads to cell proliferation and growth (33),
which are fundamental for tumor cell development (34,35). This may explain the high
frequencyof RTK/RAS pathway alteration in our study cohort. Similar findings were
reported in the lung adenocarcinoma TCGA cohort (5). Furthermore, the proportion of
patients with alterations in the RTK/RAS pathway remained stable across all NPA groups.
This suggests RTK/RAS pathway activation may be an early event in lung adenocarcinoma.
However, this finding warrants further validation from dynamic tumor genomic profiling and
multisite tumor sequencing.

Increases in NPA were significantly associated with increases in TMB (p=0.50; £<0.001)
and FGA (p=0.31; £<0.001). This suggests that, as more mitogenic signaling pathway
alterations occur, there may also be more gene replication errors (such as gene mutations or
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copy number alterations). However, although significant, the magnitude of correlation
(Spearman correlation coefficient=0.12) between TMB and FGA is considered negligible on
the basis of the interpretation (26) by Hinkle et al. Neither was shown to be an independent
predictor of DFS on multivariable analysis. In a pathway-centric analysis, some pathways,
such as cell cycle, are more copy number—driven, whereas other pathways, such as TGFp,
are more mutation-driven (5). This suggests TMB and FGA can each play a unique role in
assessing therapeutic response and clinical outcomes in patients with lung adenocarcinoma.
For example, higher TMB is associated with potentially better efficacy of immunotherapy
(18), whereas higher FGA may be associated with worse outcomes following
immunotherapy (36). Finally, high TMB has been associated with conflicting prognoses in
lung cancer (23,25), whereas increasing FGA has been associated with worse outcomes in
prostate, breast, and colorectal cancers (24,37,38).

Increases in NPA were significantly associated with tumor SUVmax, solid morphologic
appearance on preoperative CT, pathologic tumor size, aggressive histologic subtype, LVI,
VPI, and pathologic lymph node status. All these clinicopathologic features have been
previously associated with poor outcomes following complete resection of lung
adenocarcinoma (11,39,40). Finally, we found that increasing NPA was independently
associated with worse DFS.

Analysis of mutual exclusivity and co-occurrence revealed interplay within and across
pathways. When these findings were combined with therapeutic actionability from a
pathway-centric perspective, we found that 84% of actionable alterations were located
within the RTK/RAS pathway, and tumors with RTK/RAS pathway alterations had the
lowest mean NPA. Since activation of alternative pathways is an important mechanism of
acquired resistance to targeted therapy (41), our results suggest the success of drugs in
targeting tumors with an isolated RTK/RAS pathway alteration may be secondary to the
intrinsically low number of alternative pathways. As MDMZ2and CDK4 are found in a
similar location on chromosome 12q13-15, the amplification of these two genes often occurs
together. Using OncoKB to investigate therapeutic actionability, we found that both genes
are actionable (level 2B and level 4). This implies the combination of targeted therapies may
be effective in patients with alterations in both pathways, which is supported by preclinical
studies (42).

Limitations of our study include using DNA sequencing data alone, whereas previous
pathway analyses were curated using RNA-seq data (5). Therefore, if a gene is
epigenetically silenced through promoter hypermethylation, it would be missed in our
analysis. Moreover, the lack of RNA-seq or reverse phase protein array data precludes
validation of somatic alterations that can affect the transcriptomic and protein level(s). We
also did not evaluate tumor clonality. When two pathways are co-altered, we are unable to
distinguish between clonal and subclonal driver mutations. Our ability to assess spatial
heterogeneity of pathway alterations over time is limited, as we obtained a single sample per
patient. More longitudinal data (i.e., multisampling over time) would allow investigation of
the temporal ordering of pathway alterations. We analyzed primarily mitogenic signaling
pathways; pathways of other oncogenic processes, such as DNA repair, ubiquitination, and
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metabolic pathways, were not examined. Most of our cohort are early-stage; thus, our results
may not be applicable to patients with more-advanced-stage disease.

Oncogenic pathway analysis using a 10-pathway template characterized by 109 genes from
broad-panel NGS revealed important associations with clinicopathologic features. NPA is an
independent risk factor for DFS following complete resection of lung adenocarcinoma and is
associated with potential therapeutic actionability. Integration of pathway alteration
annotation into broad-panel NGS may help stratify patients’ risk of recurrence and aid in
selection of optimized induction or adjuvant therapeutic strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Broad-panel tumor genomic profiling typically uses a gene-centric approach for analysis
and to guide clinical decision-making, although most of the genomic data remain unused.
We hypothesized that a pathway-centric approach using next-generation sequencing may
offer additional information to identify patients at high risk of recurrence following
resection of lung adenocarcinoma. We interrogated 492 lung adenocarcinoma specimens
and identified number of pathway alterations (NPA) to be independently associated with
disease-free survival. Moreover, NPA and specific pathway perturbations were associated
with clinicopathologic features of tumors at high risk of recurrence. Finally, we identified
specific pathway alteration co-occurrences that implicate possible functional synergies
for targeting both pathways in patients at high risk of recurrence. Collectively, these
observations highlight the prognostic importance and potential discovery of therapeutic
vulnerabilities when a tumor genomic pathway-centric analysis is utilized using broad-
panel next-generation sequencing.
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Figure 1. Association between pathway alterations and genomic features.
A, Oncoprint of all patients. B, Violin plot of tumor mutational burden (TMB) vs. number of

pathway alterations (NPA). C, Violin plot of fraction of genome altered (FGA) versus NPA.
D, Scatterplot of TMB vs. FGA. Bar plots of (E) TMB and (F) FGA versus pathway
alteration status (altered and wild-type [WT]). Standard error displayed as error bar. *shows
logarithmic scale.
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Figure 2. Number of pathway alterations (NPA) and clinicopathologic features and disease-free

survival.

Association between NPA and (A) smoking status, (B) morphologic appearance on CT, (C)
pathologic tumor size, (D) tumor maximal standardized uptake value (SUVmax), (E)
predominate histologic subtype, (F) lymphovascular invasion, (G) visceral pleural invasion,
and (H) lymph node status. I, Staging and outcome distribution among different NPA
groups. DOD, dead of disease; NED, no evidence of disease. J, Association between
disease-free survival and NPA.

Clin Cancer Res. Author manuscript; available in PMC 2020 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Zhou et al.

Cell cycle Myc Nrf2
F 1.00] wessmm T 1.00] M T 1.00] Hiimmng
S o \ S om S ors ““N\“
8 os0 8 os0 8 os0
T T T
Q Q Q
§ 0.25{ == Wild type ﬁ 0257 == wild type § 0.25{ == wiid type
2 Altered - K] Altered - 2 Altered _
a 000 P=003 a 000 P=032 8 000 P=036
) 3 o 3 ) 3

1
Years since surgery
Number at risk

1 2
Years since surgery
Number at risk

1
Years since surgery
Number at risk

wild type 415 297 101 21 Wid type 456 320 107 22 wild type 465 328 107 21
7 48 14 3 36 25 8 2 27 17 8 3
Hippo Notch PI3K
g 1.00 .g 1.00 . .g
s s s
2 075 2 075 2
[ o i3
£ os0 £ o050 L os0
3 » s
§ 0.25{ == wid type ﬁ 0.251 == wild type § 0.25{ == wid type
g oo Altered P=0046 g o Altered P=035 g oo Altered P=031
0 3 0 1 2 3 0 3

1 2
Years since surgery
Number at risk

Wiid type 478 337 114 23
14 8 1 1
Figure 3.

Years since surgery
Number at risk
Wild type 473 334 113 24

19 11 2 0

1
Years since surgery
Number at risk
Wild type 373 258 87 18

119 87 28 6

Page 15
TGFB p53
T 1.00{ # T 100] e
£ s
3 o075 3 075
o o
£ o050 £ o050
] T
3 2
& 0.25] == widtype ] 0.251 == Wild type
33
7] Altered @ Altered
a o000 P <0.001 8 o000 P <0.001
0 1 2 3 0 3

Years since surgery
Number at risk

1
Years since surgery
Number at risk

Wild type 479 337 114 24 Wid type 291 218 7 19
13 8 1 0 201 127 44 5
RTK/IRAS Wnt

E 1.00 -"“»""'W“ . E 1.00
2 — S
3 075 | PSR 3 075
o o
£ o050 2 050
: :
8 0.251 == Wid type 8 0.251 == Wild type
@ Altered = @2 Attered =
8 o000 pP=079 3 000 P=0.43
0 3 0 1 2 3

T
Years since surgery
Number at risk
wiid tyoe 77 58 15 6

415 287 100 18

Associations of individual pathway alterations and disease-free survival

Clin Cancer Res. Author manuscript; available in PMC 2020 June 15.

Years since surgery
Number at risk
wild type 473 332 110 24

19 13 5 0



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhou et al.
A B STK11 .
Wnt - RPTOR
53 . . Significant p value
P RICTOR
RTK/IRAS . Co-occurence
1e® PTEN
Torp = fo 7
g Pk | s % PIK3R3
10 Q
g e | ] te < PIK3R1
o 1e® «Q
a
Notch . --1 PIK3CB
Myc . Mutual Exclusivity PIK3CA
Hippo .
INPP4B
Cell cycle .
¥ AKT1
O W &R DS
S T T @
& & W 2
¢ o K Q/q)/
Path il
atl
wey Nrf2 pathway
No. of genomic alterations with actionable drugs Mean NP_AOf tumors Mgdian NPA of tumors
with specific pathway  with specific pathway
Pathway Level 1 Level 2A Level 2B Level 3A Level 3B Level 4 alterations alterations
Cell cycle 26 3.0 3
Hippo 3.1 3
Myc 2.9 3
Notch 2.9 3
Nrf2 3.0 3
PI3K 20 6 2.6 3
RTK/RAS 1| 2 1 20 [ s 2.0 2
TGFB 2.6 2
p53 30 2.6 2
Wnt 3.0 2

RB1 *
CDKN2C
CDKN2B
>
E CDKN2A Significant
g p value
@ CDKN1B 140
% o le
= CDK4 . ler®
3 1e10
CCNET 1
CCND3
CCND1
LRI )
N o W W
LS & @0 \\0 A
p53 pathway
Cellcycle | [
Hippo 1
we | I
Notch | [N
neiz |
ek | I
rrigras |
erp | I
ps3 [ e
Wat -—

0

X

25% 50% 75% 100%
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Table 1.
Patient characteristics (N=492)

Characteristic No. (%)
Age at surgery, years, median (range) 69 (34-87)
Sex

Male 326 (66)

Female 166 (34)
Smoking status

Ever 380 (77)

Never 112 (23)
Pack-yearsa 20 (0-120)
Tumor morphologic appearance, CT criteria

Pure ground glass opacity 72 (15)

Mixed ground glass opacity/subsolid 90 (18)

Solid 330 (67)
Tumor maximal standardized uptake value, median (range) 3.4 (0-31)
Procedure type

Lobectomy 340 (69)

Segmentectomy 47 (9)

Wedge 102 (21)

Pneumonectomy 3(1)

Pathologic tumor size, cm, median (range)
Predominant histologic subtype

Lepidic, AIS, MIA

Acinar

Papillary

Micropapillary

Solid

Other

Lymphovascular invasion
Positive

Negative

Visceral pleural invasion
Positive

Negative

Lymph node status
Positive

Negative
Pathologic stage
|
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1.8 (0.08-19.5)

73 (15)
263 (53)
37 (8)
32(7)
60 (12)
27 (5)

302 (629

185 (389

77 (169

414 (849

83 (179

394 (839

356 (72)
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Characteristic No. (%)
1] 80 (16)
1l 56 (11)

Pathway alteration
Cell cycle 77 (16)
Hippo 14 (3)
Myc 36 (7)
Notch 19 (4)
Nrf2 27 (5)
PI3K 119 (24)
TGFB 13(3)
RTK/RAS 415 (84)
p53 201 (41)
Whnt 19 (4)

Number of pathway alterations
0 23 (5)

1 164 (33)
2 178 (36)
3 94 (19)
4 27 (6)

5 6(1)

TMB, median (range) (IQR)
FGA, median (range) (IQR)

47 (0-164.2) (2.5-8.2)
0.25 (0-1) (0.1-0.5)

Abbreviations: AlS, adenocarcinoma in situ; FGA, fraction of genome altered; IQR, interquartile range; MIA, minimally invasive adenocarcinoma;

TMB, tumor mutation burden.

a . . . A
Denominator excluding patients with missing data.
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