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Genomic analysis of early-stage
lung cancer reveals a role for TP53
mutations in distant metastasis
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Patients with non-small cell lung cancer (NSCLC) who have distant metastases have a poor
prognosis. To determine which genomic factors of the primary tumor are associated with metastasis,
we analyzed data from 759 patients originally diagnosed with stage I-11l NSCLC as part of the

AACR Project GENIE Biopharma Collaborative consortium. We found that TP53 mutations were
significantly associated with the development of new distant metastases. TP53 mutations were

also more prevalent in patients with a history of smoking, suggesting that these patients may be at
increased risk for distant metastasis. Our results suggest that additional investigation of the optimal
management of patients with early-stage NSCLC harboring TP53 mutations at diagnosis is warranted
in light of their higher likelihood of developing new distant metastases.

Distant metastasis in non-small-cell lung cancer (NSCLC) is associated with a poor survival of only 6% at 5 years
after primary diagnosis’. About 50% of patients present with distant metastases at the time of diagnosis (i.e.,
Stage IV)?, and ~ 34% of patients diagnosed with stage I-1I disease develop metastases five years after diagnosis’.
While some studies suggest that specific mutations (e.g., in EGFR) increase the risk of distant metastasis®, other
results indicate that these mutations do not significantly affect metastasis development®. To further investigate
this question, we performed a retrospective analysis of 759 patients with stage I-III NSCLC who underwent
targeted sequencing of their primary tumors as part of the AACR Project GENIE BPC NSCLC v2.1-consortium
dataset® to determine if specific mutations and copy number alterations common in NSCLC are associated with
metastasis to distant sites.

We used multivariate Cox proportional hazards models to quantify the association between common genomic
alterations in the primary tumor and the rate of developing distant metastases in NSCLC patients diagnosed
with local or locally advanced disease (stages I-IIIB; Fig. 1A, Supplementary Table 1, Methods). We investigated
associations between nonsynonymous mutations in 5 of the most commonly mutated genes in NSCLC (TP53,
KRAS, EGFR, BRAE PIK3CA) and copy number changes in 5 of the most commonly amplified genes (EGFR,
PIK3CA, MET, KRAS, FGFRI) and the likelihood of developing metastases. We found that TP53 mutations
were associated with a significantly increased rate of developing metastases to any distant site after diagnosis
(Fig. 1B,C; HR=1.43, HR 95% CI 1.09-2.90, p=0.033, Wald’s Test with Benjamini-Hochberg (BH) adjustment
for multiple hypothesis testing).
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Figure 1. TP53 mutations are significantly associated with the development of distant metastases after
diagnosis in early-stage NSCLC. (A) Overview of study design. (B) Cox regression hazard ratios of each
mutation and copy number alteration analyzed, with significant results (a=0.05) in red. Error bars are
Bonferroni-adjusted 95% confidence intervals. (C) Kaplan-Meier curves showing time to first distant metastasis
among patients with early-stage disease, stratified by TP53 mutation status in the primary tumor. Error bars
are 95% confidence intervals. (D) Cox regression hazard ratios for TP53 mutation for metastasis to individual
sites, with significant results (a=0.05) in red. Error bars are Bonferroni-adjusted 95% confidence intervals.

(E) Fraction of patients diagnosed at each stage, stratified by TP53 mutation status. Error bars denote 95%
confidence intervals. (F) Kaplan-Meier curves showing overall survival probability stratified by TP53 mutation
status, for patients diagnosed with stage I-III disease. Error bars are 95% confidence intervals. Colors for all
panels denote primary tumor TP53 mutation status (dark blue: mutant, teal: wild-type). In all Cox regressions,
we incorporated age, sex, race, ethnicity, smoking history, stage at diagnosis, and 10 total mutations/copy
number alterations as covariates (Methods).

We also investigated associations between these mutations and CNAs and the development of metastases to
specific distant sites individually (Fig. 1D) and found that TP53 mutations were associated with a significantly
increased rate of metastasis to the liver (HR=2.51, HR 95% CI 1.07-5.93, BH-adjusted p=0.026, Wald’s Test).
However, no significant associations between any genomic alterations and the metastasis rate to brain or bone
specifically were observed (Supplementary Fig. 1). We found that TP53 mutation status was not significantly asso-
ciated with NSCLC stage at diagnosis (p=0.21, x* test) (Fig. 1E), but was significantly associated with reduced
overall survival in patients diagnosed with stage I-IIIl NSCLC (Fig. 1F and Supplementary Fig. 2; HR=1.97, HR
95% CI 1.45-2.66, p < 1e-04, Wald’s test).

Given the prognostic significance of TP53 mutations in NSCLC, we analyzed the location and identity of
TP53 mutations found in primary tumors using an expanded cohort of 1,034 patients with stage I-IV disease
(Methods). TP53 mutations in cancer have previously been shown to occur mostly in the DNA binding domain”?,
suggesting that these mutations are likely to impair protein function. Of the 331 patients in our cohort with
nonsynonymous point mutations or indels in TP53, 285 had mutations localized within the p53 DNA binding
domain, most of which are single nucleotide substitutions (Fig. 2A). However, the splice site or frameshift inser-
tions or deletions (n=52 mutations) were more evenly spread throughout the coding sequence, likely because
these mutations have a greater impact on protein function regardless of location.

We also found that TP53 mutations were enriched in patients with a smoking history (p =0.0023, XZ test; odds
ratio 1.66; Fig. 2B). Single nucleotide substitutions in TP53 in smokers had a significantly different pattern of base
substitutions than nonsmokers, with a higher rate of C> A substitutions found in smokers (Fig. 2C). This pattern
is similar to the mutational signature associated with tobacco smoking in cancers of the lung and larynx®. The
different mutational processes active in smokers and never-smokers were shown to result in differences in the
frequency of TP53 mutations'’. We found that the most common point mutation in smokers (R158L) is less com-
mon in never-smokers (14/256 point mutations in smokers, vs. 0/57 in never smokers), although this difference
was not significant (p =0.15, x * test; Fig. 2D). This mutation has previously been shown to be more prevalent in
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Figure 2. TP53 SNVs are found in the DNA binding domain and are associated with smoking. (A) Location

of nonsynonymous SNVs and/or frameshift indels in the TP53 gene in primary tumor samples from stage

I-IV NSCLC patients. The location of the p53 DNA binding domain is shown as an orange shaded region.

(B) Fraction of patients with a TP53 mutation, stratified by smoking history. (C) Frequency of specific
nonsynonymous single nucleotide substitutions in TP53 in patients without a history of smoking (light grey)
and patients with a history of smoking (dark grey). In (B) and (C), error bars denote 95% Bayesian credible
intervals. (D) Location of nonsynonymous SNVs and frameshift indels in smokers and nonsmokers, with amino
acid position 158 highlighted in red.

lung cancers'® and is associated with changes in cell motility and drug sensitivity in vitro''. In summary, patients
with NSCLC with a history of smoking had more frequent mutations in TP53, likely due to smoking-related
mutational processes. Our Cox modeling results (Fig. 1) suggest that this increased TP53 mutation burden is
associated with increased risk of developing distant metastases after diagnosis.

Our work has several limitations. First, as our study retrospectively examined the effect of genomic alterations
on patient outcome, differences in treatment or other factors associated with specific mutations (e.g., admin-
istration of targeted therapies to patients with EGFR mutations) made it difficult to isolate the effect of certain
genomic changes. Additionally, our study is vulnerable to selection bias and to informative cohort entry'>13,
since it only included patients who underwent primary tumor genomic sequencing, which is more likely to be
performed in patients who later developed recurrent or progressive disease.

In summary, we found that TP53 mutations are associated with distant recurrence in patients with NSCLC
who were diagnosed with stage I-III disease. Our results suggest that TP53 mutation status should be regularly
tracked in all prospective adjuvant trials in early-stage NSCLC, so that the effect of this frequent mutation can
be better understood. While previous clinical trials suggest that adjuvant therapy with cisplatin-based regimens
does not improve survival in patients with early-stage TP53-mutant NSCLC relative to patients with TP53-wild
type disease'*'*, other therapies (e.g., immunotherapy) could provide a survival advantage to this population'.
Given the potential for distant recurrence in this population, additional investigation of the optimal management
strategy for patients with TP53-mutant NSCLC is warranted.

Methods

Participant eligibility and selection. Clinical and genomic data for 1,862 patients with NSCLC were col-
lected as part of AACR Project GENIE (BPC NSCLC version 2.1) (Fig. 1A; Supplementary Table 1). Permission
to access the data was granted by the AACR Project GENIE Biopharmaceutical Consortium publications com-
mittee. All patient data was anonymized before retrieval. The Dana-Farber/Harvard Cancer Center Institutional
Review Board determined that this study did not constitute human subjects research, given its use of a previously
collected, deidentified dataset. All research was performed in accordance with the Declaration of Helsinki. Data
from patients with a NSCLC diagnosis of any stage and who received targeted genomic sequencing of a primary
tumor and/or a metastasis biopsy at Dana-Farber Cancer Institute, Memorial Sloan-Kettering Cancer Center,
or Vanderbilt-Ingram Cancer Center between 1/1/2014 and 12/31/2017, or at Princess Margaret Cancer Center
(Toronto, CA) between 1/1/2014 and 12/31/2015 were collected in the BPC dataset. Additionally, the BPC study
only included patients that were between 18 and 89 years of age at the time of sequencing and who were followed
for at least two years after sequencing (or until death). For patients who had tumor sequencing performed on a
research basis, informed consent for use of genomic and clinical data were obtained; for those who had sequenc-
ing performed on a standard of care clinical basis, data were collected under a waiver of informed consent at
respective institutions. For this study, only patients with sequencing of at least one primary tumor sample were
included, and only primary tumor sequencing data was used for all analyses. American Joint Committee on
Cancer (AJCC) TNM tumor stage was determined in accordance with current guidelines at the time of diagnosis
(AJCC guidelines version 6 or 7). Only patients with stage I-III disease at diagnosis were used for Cox propor-
tional hazards modeling to study the association between primary tumor genomics, distant metastasis, and
survival, while all patients (including patients with stage IV disease) were used to study the pattern of mutations
that occur in the TP53 gene in NSCLC.
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Clinical and genomic data collection. Targeted sequencing of primary tumor samples was performed
using institution-specific clinical next-generation sequencing panels. The tumor sequencing panels used and
variant calling pipeline for the AACR Project GENIE are as previously described®.

Imaging records and medical oncologists’ notes were curated according to the PRISSMM framework'” to
determine when and where metastases appeared in each patient. Each radiologist report was reviewed to deter-
mine whether cancer was present and in which anatomical sites the tumor was found. These notes were used to
determine the length of time from diagnosis of the primary tumor to the time at which disease was first observed
at each distant site. The time to first distant metastasis was defined as the earliest time after diagnosis at which
the patient had an extra-thoracic lymph node or organ metastasis, or a metastasis to the mediastinum, heart, or
pleura. No patients in the analysis of association between primary tumor genomics and distant metastases had
distant metastases at the time of diagnosis.

Statistical analysis of time to new distant metastases. We used multivariable Cox proportional
hazards models to test whether a priori defined static covariates were significantly associated with the develop-
ment of new distant metastases after diagnosis in patients with stage I-III NSCLC. Six demographic and clinical
covariates were included in each model: age at diagnosis, smoking history (current or former smoker vs. never
smoker), sex, race, ethnicity, and stage (I, II, or III) at diagnosis. We also used primary tumor SNV/indel infor-
mation for 5 genes (TP53, KRAS, EGFR, BRAE PIK3CA) and copy number alteration data for 5 genes (EGFR,
PIK3CA, MET, KRAS, FGFRI). Among mutations, only nonsynonymous point mutations, frameshift mutations,
and splice site mutations were considered.

Multivariate Cox proportional hazards models for the time to first distant metastasis and for the time to
bone, brain, and liver metastases were fit using the coxph function in the R survival package, version 3.2'%, with
right censoring at the date of death or last patient contact, such that the competing risk of death was addressed
by analyzing the cause-specific hazard of distant metastasis. Wald test p-values for each covariate were pooled
across all mutations/CNAs tested for each metastasis site and adjusted for multiple hypotheses'*’ using the Ben-
jamini-Hochberg method, and covariates with adjusted p-value < 0.05 were considered significant. Confidence
intervals for the hazard ratios were adjusted for multiple comparisons using the Bonferroni method.

Statistical analysis of the effect of TP53 mutations on patient survival after NSCLC diagno-
sis.  After observing that mutations in TP53 were associated with increased risk of distant metastasis, multi-
variable Cox proportional hazards modeling was used to measure whether associations between primary tumor
TP53 mutation status were related to overall survival after diagnosis of stage I-III NSCLC. This model incorpo-
rated the demographic, clinical, and genomic covariates used in the time-to-metastasis models (age, sex, race,
ethnicity, smoking history, stage at diagnosis, and 10 total mutation/copy number alteration variables). Risk set
adjustment?! was not performed, since informative cohort entry has previously been demonstrated in clinico-
genomic datasets'>'?, and risk set adjustment could still yield biased results in the event of informative entry.
Since this analysis was designed to specifically assess the effect of TP53 mutations on patient survival, no correc-
tion for multiple hypotheses was performed.

Data availability
Genomic and clinical data for the AACR Project GENIE BPC NSCLC cohort is publicly available at http://www.
synapse.org/bpc.
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