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Abstract

Brain metastases from lung adenocarcinoma (BM-LUAD) cause significant patient mortality. To
identify genomic alterations that promote brain metastases, we performed whole-exome
sequencing of 73 BM-LUAD cases. Using case-control analyses, we discovered candidate drivers
of brain metastasis by identifying genes with more frequent copy-number aberrations in BM-
LUAD compared to 503 primary lung adenocarcinomas. We identified three regions with
significantly higher amplification frequencies in BM-LUAD, including MYC (12% vs 6%), YAPI
(7% vs 0.8%), and MMP13(10% vs 0.6%) and significantly more frequent deletions in
CDKNZA/B (27% vs 13%). We confirmed that amplification frequencies of MYCand YAP1/
MMP13 were elevated in an independent cohort of 105 patients. Functional assessment in patient-
derived xenograft mouse models validated that MYC, YAPI or MMP13 overexpression increased
the brain metastasis incidence. These results demonstrate that somatic alterations contribute to
brain metastases and that genomic sequencing of a large number of metastatic tumors can reveal
novel metastatic drivers.
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Approximately 30% of patients with lung adenocarcinoma present with brain metastasis at
the time of diagnosis and 50% will eventually develop brain metastases®. Treatment options
for brain metastases from lung adenocarcinoma are few and limited in their efficacy. There
is an urgent need for more focused efforts to study the genomics driving brain metastases,
and to identify therapeutic targets.

The evolution of brain metastases from lung adenocarcinoma is a complex multi-step
process2~4. Although somatic genetic alterations have been firmly established as driving
primary tumor formation, it is not known whether additional genetic changes contribute to
the development of brain metastasis. A recently published genomic characterization of
diverse brain metastases and matched primary-tumor samples demonstrated clonally
dominant and nearly universal genetic divergence between primary and metastatic tissue
samples®. Because this study combined multiple diverse primary cancers, the limited
number of cases from any one histology did not permit genome-wide discovery of novel
metastasis promoting alterations at an acceptable false-discovery rate.

Clonal selection of somatic alterations promoting cancer progression and brain metastasis
implies that such alterations are likely to be maintained in the metastases themselves,
regardless of the specific steps of cancer progression that the mutations facilitated.
Therefore, somatic alterations promoting cancer progression are expected to exhibit elevated
mutational frequencies in brain metastasis tissue. Accordingly, we designed a discovery case
dataset consisting of brain metastases exclusively from lung adenocarcinoma, and compared
against a control population of primary lung adenocarcinoma. Paired germline DNA was
included for all samples in both cohorts.

We performed whole exome sequencing on 73 brain metastasis cases from lung
adenocarcinoma (BM-LUAD) with detailed patient and sample information (Supplementary
Tables 1-2). Using a case-control somatic alteration analysis, we compared the somatic
alterations in our BM-LUAD cohort to those in a set of 503 primary lung adenocarcinomas
sequenced by The Cancer Genome Atlas (TCGA-LUAD)E. This approach nominated several
novel candidate metastatic drivers, a subset of which we validated in an additional set of 105
lung adenocarcinoma brain metastases. We demonstrated that overexpression of these
candidate drivers promoted brain metastases in patient-derived xenograft (PDX) mouse
models.

We established the validity of our approach by assessing and addressing two potential
weaknesses inherent to case control somatic alteration analysis. First, we noted that a
fraction of the TCGA-LUAD control patients likely developed brain metastases eventually,
which would decrease our statistical power for discovery of brain metastasis drivers that
occur in primary tumors (Extended Data Fig. 1a). However, multiple statistical simulations
confirmed that the presence of metastatic cases among the control cohort did not increase the
false-positive rate (Extended Data Fig. 1b). Second, differences in genetic alteration
frequencies between BM-LUAD and TCGA-LUAD could have occurred in part due to
differences in cohort characteristics. To evaluate this possibility, we matched TCGA-LUAD
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(control cohort) to BM-LUAD (case cohort) based on potentially confounding covariates
including smoking exposure, genetic ancestry, and sex (Extended Data Fig. 2) using
established statistical methodology’. We then proceeded to compare the mutational and
copy-number landscapes of BM-LUAD and matched subset of TCGA-LUAD (n = 464).

We first looked for evidence of positive selection on somatic single nucleotide variants in
brain metastases using established algorithms, MutSig2CV® and dNdScv®. We recovered
previously identified® drivers of primary lung adenocarcinoma, including 7P53, KRAS,
STK11, KEAPI1, and EGFR, indicating that the BM-LUAD cohort was representative of
lung adenocarcinoma. However, these known drivers of primary disease did not occur at
elevated frequency in BM-LUAD (Extended Data Fig. 3).

We next assessed somatic copy-number alterations (SCNAs) and found that the genome-
wide landscape of SCNAs was similar between BM-LUAD and TCGA-LUAD (Fig. 1a).
Chromosome arm-level copy number events occurred with similar frequencies in the two
cohorts, as did whole genome doubling events (Extended Data Fig. 4). We applied an
established methodologyl® to compute a SCNA positive selection score at each genomic
location, which assessed SCNA amplitudes and frequencies across samples and identified
regions with significantly recurrent SCNAS that were likely due to positive selection. The
highest-ranking genes in both the BM-LUAD and TCGA-LUAD cohorts included MYC,
TERT, MDMZ2, CDK4, CCND1 and NKX2-2.

Despite the broad similarities of copy-number landscapes between BM-LUAD and TCGA-
LUAD, we found four distinct genomic regions with significantly different positive selection
scores. We computed a genome-wide false discovery rate (FDR) for differential positive
selection SCNA scores, while controlling for differences in cohort composition. Because
SCNA scores are highly correlated along the genome, we used a statistical model to control
for this effect (Fig. 1b, Extended Data Fig. 5, Methods). This analysis revealed a
significantly elevated degree of positive selection for 9p21.3 homozygous deletion harboring
CDKNZA/B in BM-LUAD compared to TCGA-LUAD (Fig. 1c); no other deletions were
significantly enriched in BM-LUAD (genome-wide FDR < 0.01). In addition, we discovered
3 regions of focal amplification that were significantly enriched in BM-LUAD (genome-
wide FDR < 0.01), including (i) a 101 kbp region on 8qg24.21 containing MYGC, (ii) a 1.5
Mbp region on 11g22.2 containing YAPI, BIRC3, TMEM123and a cluster of matrix
metalloproteinase genes including MMP13, and (iii) a 6 kbp region on 4g31.23 containing
EDNRA, ARHGAPIOand NR3C2 (Fig. 1c).

The identified SCNA regions encompassed genes that are credible candidate metastatic
drivers. MYCand CDKNZA/B were frequently involved in genomic amplifications and
deletions respectively in a prior sequencing study of brain metastases from diverse types of
primary cancers including lung adenocarcinoma®. Matrix metalloproteinases are involved in
remodeling of the extracellular matrix and have been associated with cancer-cell invasion
and metastasis!?, including brain metastases. YAPI encodes the downstream transcriptional
effector of Hippo signaling pathway, and it has been implicated in many tumorigenic
processes'2. Specifically, YAP1 regulates cellular mechanical behavior!3, epithelial-to-
mesenchymal transition, and cellular proliferation!?.
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We further confirmed that the frequency of candidate SCNA driver events was significantly
higher in BM-LUAD compared to matched TCGA-LUAD controls (Fig. 1d). MYC
amplification occurred in 12% (CI 8-18%) of BM-LUAD vs. 6% (Cl 4-7%) in TCGA-
LUAD, YAPI amplification in 7% (Cl 4-12%) vs. 0.8% (CI 0.4-1.5%), MMP13
amplification in 10% (CI 6-15%) vs. 0.6% (Cl 0.3-1.3%), and CDKNZ2A/B deletions in
27% (Cl 21-35%) of BM-LUAD vs. 13% (Cl 11-15%) in TCGA-LUAD. To rule out the
possibility that other covariates might explain the differences in driver event frequencies
between BM-LUAD and TCGA-LUAD, we confirmed that amplification of MYC, YAP1/
MMP13, and deletion of CDKN2A/B, continued to be significant after controlling for tumor
purity and stage (Extended Data Fig. 6 and 7).

To further establish that the observed increase in amplification frequency of YAPI, MMPI13
and MYC between BM-LUAD and TCGA-LUAD reflected genuine differences in brain-
metastatic lung adenocarcinoma, we obtained an independent validation cohort from the
Medical University of Vienna consisting of 105 brain metastases from lung adenocarcinoma
resected between 1990 and 2013 (BM-LUAD-V). Fluorescence /n situ hybridization (FISH)
revealed high-level 11g22.2 ( YAP1/MMP13) amplifications in 9 of 98 informative cases
(9%, Cl 6%-14%), and MY C amplifications in 20 of 94 cases (21%, Cl 17-27%), and the
amplification frequencies of YAPL/MMP13and MYC were both significantly higher in BM-
LUAD-V than the TCGA-LUAD control cohort (Fig. 1e).

Analysis of co-mutation between previously discovered lung adenocarcinoma drivers
(TCGA) together with our novel BM-LUAD candidate drivers revealed that none of the
cases of YAPI amplification co-occurred with oncogenic mutant KRAS samples (Fig. 2).
These findings are consistent with previous reports that overexpression of YAP1 can
substitute for KRAS activity in KRAS-dependent lung cancer cells!®16, In addition, we
observed two patients with a high-level 11g22.2 amplification involving only MMP13, these
patients harbored KRAS G13C mutations (Fig. 2). These observations, taken collectively,
suggest that YAPZ and MMP13 may contribute independently to the development of
metastatic lung adenocarcinoma.

To further investigate the significance and evolutionary timing of candidate brain metastasis-
driving genetic alterations in the BM-LUAD cohort, we sequenced matched primary tumor
samples from 58 BM-LUAD cases with tissue available (Fig. 3; Extended Data Fig. 8;
Supplementary Fig. 1; Supplementary Table 3). Candidate-driver SCNAs that were
undetected in either of the primary or metastatic samples were considered private and
assumed to have occurred after the divergence of the metastatic and primary-tumor lineages.
SCNA:s that were shared by the primary-tumor sample and brain metastasis were assumed to
have occurred in an ancestral population that preceded their divergence. Example cases with
candidate driver alterations are depicted in Fig 3a.

Patterns of shared vs. private alterations in candidate drivers across the 58 BM-LUAD pairs
were consistent with positive selection leading to metastatic lung adenocarcinoma at various
disease stages (power calculation in Extended Data Fig. 8). Although we cannot completely
exclude the possibility that some candidate alterations might have been undetected in some

samples due to spatial tumor heterogeneity and tissue-sampling bias, we verified that
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detection of homozygous deletions and high-level amplifications was not influenced by
tumor purity (Extended Data Fig. 6). Furthermore, by analyzing multiple metastasis-primary
tumor pairs, informative trends could be observed even with incomplete tissue sampling.

Amplified candidate drivers (MYC, MMP13, YAPI) tended to occur after the divergence of
the metastatic and primary-tumor lineages, and were consistent with positive selection of
these amplifications contributing to a pro-metastatic phenotype. Compared to other
recurrently amplified genes, amplified candidate drivers were significantly more frequent
when private to the brain metastases (P=5 x 107, ¢= 3.5, Poisson regression and Wald
test), but not when shared or private to the primary-tumor sample (Fig 3b). Candidate driver
amplifications occurring in brain metastases were significantly less likely to have been
shared with paired primary-tumor samples than were amplifications in other recurrently
amplified genes (Fig. 3c; A= 0.036, OR = 0.39, Fisher’s exact test). Candidate driver
amplifications occurring in primary-tumor samples were not more likely to have been shared
with paired brain metastases than were other recurrently amplified genes (Fig. 3d).

In contrast, deletions of COKNZA/B tended to occur prior to divergence of the metastatic
and primary-tumor lineages, and were consistent with positive selection of these deletions
contributing to the formation or progression of primary tumors with greater potential to form
brain metastases. Compared to other recurrently deleted genes, homozygous deletion of
CDKNZ2A/B was significantly more frequent, both as a shared event (P=3 x 1077, = 5.3,
Poisson regression and Wald test) and privately in brain metastases (£ = 0.0495, #= 2.0), but
not privately in primary tumors (P=0.97, = —0.033; Fig 3e). Deletions in CDKN2A/B
occurring in brain metastases were significantly more likely to have been shared with the
paired primary-tumor samples than were deletions in other recurrently deleted genes (Fig.
3f; P=0.0032, OR = 3.4, Fisher’s exact test). Furthermore, COKNZA/B deletions occurring
in primary-tumor samples were significantly more likely to have been shared with paired
brain metastases than were deletions in other recurrently deleted genes (Fig. 3g; P=
0.00011, OR = 7.3, Fisher’s exact test).

We functionally validated the role of MYC, MMP13and YAPI amplifications using a PDX
model of lung adenocarcinoma metastasis. We established cells that stably overexpressed
MYC, MMP13, YAPI or lacZ control by lentiviral transfection. The cells were then injected
into the left cardiac ventricle of immunodeficient mice, and tumor burden and brain
metastasis incidence were measured respectively by /n vivoand ex vivo bioluminescence
imaging 12 days post injection (Fig. 4a-b; Extended Data Fig. 9). While the 27 mice injected
with cells expressing lacZ did not develop any measurable brain metastases, overexpression
of MYC, MMP13, and YAPI significantly increased the incidence of brain metastasis to 5 of
28 mice (22%; Cl 11-37%), 5 of 26 mice (24%; Cl 12%-40%), and 5 of 28 mice (22%; ClI
11%-37%), respectively (P < 0.05, Fisher’s exact test, Fig. 4c). No significant increase in
total tumor burden (including extracranial disease) was observed (P = 0.40, XZ =29,df=3,
Kruskal-Wallis rank sum test; Fig. 4d). Overexpression of MYC, but not LacZ, MMP13, or
YAPI, also increased the propensity of tumor cells to grow in the brain microenvironment,
as evidenced by shorter survival following intracranial tumor implants (Extended Data Fig.
10). These findings demonstrate that overexpression of any of the three genes that are
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enriched for focal amplification in brain metastases (MYC, MMP13, or YAPI) can each
contribute to brain metastasis formation.

Despite the fact that up to 40% of lung cancer deaths are attributable to metastasis and that
brain is the most common metastatic sitel”, large-scale genomic characterization of brain
metastases has not been previously performed, primarily because of difficulties in obtaining
suitable tissue samples for sequencing. Therefore, it has been unclear to what extent the
spectrum of genetic drivers in brain metastases is equivalent to that of primary cancers. Our
results demonstrate that sequencing a sufficiently large number of brain metastases,
combined with rigorous comparison of somatic alteration frequencies to those in
histologically matched primary tumors, represents an efficient approach to reveal novel
somatic drivers of cancer progression and metastasis.

Our data suggest that RAS-pathway activation by genomic amplification of YAPZ may set
the stage for brain metastasis by co-amplification of the adjacent cluster of matrix
metalloprotease genes on 11g22.2, including MMP13. Our observation of focal MMP13
amplifications that excluded YAPZ further support the idea that MMP13 contributes to brain
metastasis independently of YAPI Furthermore, our experimental demonstration that
MMP13 overexpression can promote brain metastasis in a murine model provides further
support for the nomination of MMP13as a pro-metastatic gene in human lung
adenocarcinoma. Further experimental work will be needed to confirm a synergistic role for
these genes in the evolution of brain metastasis.

We note that metastasis-driving somatic DNA alterations may not be necessary for brain
metastasis formation. For example, previous work has shown that metastasis formation can
be explained by phenotypic transitions?18:19 and epigenetic alterations2®. Nonetheless, our
results nominate novel high-level amplifications in brain metastases from lung
adenocarcinoma, consistent with positive selection of genetic alterations during the
evolution of brain metastasis. Our murine experiments indicate that these alterations can
promote brain metastasis formation.

The novel candidate drivers we identified represent potential therapeutic targets for brain
metastases. For example, brain metastases harboring YAPZI amplifications might represent
candidates for Hippo pathway inhibitors, which are under active development?l. We also
observed a higher frequency of alterations in known cancer genes in brain metastases
compared to primary tumors, including MY C amplifications and CDKN2A/B deletions.
These observations suggest that therapies targeting these alterations should be investigated in
patients with brain metastases. Examples of trials targeting the CDK pathway include
NCT02896335, NCT02308020 and Alliance A071701. Genomic characterization of large
collections of metastases thus represents a feasible strategy to uncover potential avenues for
the prevention and treatment of metastasis.

Nat Genet. Author manuscript; available in PMC 2020 September 23.
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Methods

Case cohort

This study was conducted in accordance with the Declaration of Helsinki. It was reviewed
and approved by the human subjects Institutional Review Boards of the Dana-Farber Cancer
Institute (Boston, MA), Brigham and Women’s Hospital (Boston, MA), Broad Institute of
Harvard and MIT (Boston, MA), Massachusetts General Hospital (Boston, MA), Seoul
National University College of Medicine (Seoul, South Korea), and Vall d’Hebron
University Hospital (Barcelona, Spain). Written informed consent for the study (including
genetic analysis) was obtained from all participants.

We identified 73 patients with brain metastases originating from a primary lung
adenocarcinoma, whose brain metastases and normal tissues were collected as part of
standard clinical care between 1999 and 2014. This case cohort of patients is referred to as
“BM-LUAD?”. In 58 of these cases, we collected additional samples including multiple brain
metastases and primary tumor tissue. Board-certified neuropathologists (M.F., S.S., and
M.M.L) confirmed the histologic diagnoses and selected representative fresh-frozen or
formalin-fixed paraffin-embedded (FFPE) sections with estimated tumor purity of = 40%.

Control cohort and matching

We identified 503 unique patients with primary lung adenocarcinoma tumor sample and
matched normal sample that were sequenced at the Broad Institute as part of The Cancer
Genome Atlas (TCGA) project?2. This control cohort is referred to as “TCGA-LUAD”.
These patients were matched to BM-LUAD cohort using the coarsened exact matching
method?3, as implemented in the Matchit R package (v3.0)24. The covariates being matched
between the case and control cohorts including ancestry, sex, and smoking exposure, all of
which have previously been associated with differences in EGFR mutation frequency?25-30
and may conceivably confound estimation of driver mutation frequencies. A total of 464
patients had non-zero matching weights.

Although brain metastasis follow-up was not available in TCGA-LUAD, the incidence of
brain metastasis in control was estimated to be 30% (credible interval 10-61%) using a
mixed-effect meta-analysis binomial regression accounting for immunohistological subtype,
TNM stage, EGFR mutation status, race, smoking status, gender, and age under an errors-in-
variables model to allow for missing or uncertain data. Taking into consideration this event
incidence in the control cohort, this study has 94% power to detect a significant increase in
mutation frequencies between the case (/1 = 73) and control cohorts (1 = 464) for
mutations that occur in = 20% of cases and < 1% in true controls with zero event incidence.
Further, this study has 65% power to detect frequency increases for mutations occurring in =
10% of cases (Extended Data Fig. 1).

Power analysis

Under the case-control design, power was calculated for testing an increase in mutation
frequency among patients in the case cohort compared to patients in the control cohort,
using the pwr (v1.2) R package. Under the matched-pairs primary-metastasis design, power
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was calculated for Poisson regression comparing absolute frequencies of alterations
occurring on the phylogenetic branch of brain metastasis for driver vs. non-driver genes,
using the powerMediation (v0.2) R package. Observations were assumed to be independent
and identically distributed. Other parameters were either estimated from available data or set
to a range of possible values.

Sample preparation

DNA was extracted from tissue shavings of frozen tissue using QlAamp DNA Mini Kit
(QIAGEN, Valencia, CA), three to five 1 mm core punch biopsies (#33-31AA-P/25; Integra
Miltex) from FFPE tissue using GeneRead DNA FFPE (QIAGEN), or buffy coat
preparations of matched blood using DNeasy Blood and Tissue Kit (QIAGEN), followed by
quantification using PicoGreen (P11496; Invitrogen, Carlsbad, CA). The matching of tumor-
normal pairs was ascertained by mass spectrometric genotyping (Sequenom, San Diego,
CA) with an established 48-SNP panel3L. The possibility of sample cross-contamination was
computationally assessed by ContEst32 on the sequencing data.

Whole-exome Sequencing

We performed whole-exome sequencing of extracted DNA as per manufacturer’s
instructions on Illumina HiSeq or Genome Analyzer 11X platforms to a median target
coverage of 95X at the Broad Institute and the Center for Cancer Genome Discovery
(CCGD), Dana-Farber Cancer Institute. At the Broad Institute, libraries underwent exome
enrichment using the Agilent SureSelect hybrid capture kit (Whole Exome v1.1 Agilent,
Santa Clara, CA) or the Nextera Rapid Capture Exome v1 (lllumina, San Diego, CA),
followed by sequencing using 76 bp paired-end reads on Illumina HiSeq 2000 or GA-IIX.
At CCGD, libraries were enriched using Agilent SureSelect hybrid capture kit (Whole
Exome v2) and sequenced using 100 pair-end reads on Illumina HiSeq 2500. Details of
whole-exome library construction have been described elsewhere33.

The data files from all sources were harmonized and processed by common data processing
pipelines to yield BAM files containing aligned reads343°, Read pairs were aligned to the
hg19 (GRCh37) reference genome using the Burrows-Wheeler Aligner3®, and sample reads
were de-multiplexed using Picard3®. Aligned reads were sorted and marked for duplicates
using Samtools3’ and Picard. Base quality scores were re-calibrated using the Genome
Analysis Toolkit (GATK)34. All tumor-normal pairs passed quality control pipelines that test
for sample swaps (by matching SNP genotypes of samples from the same patient), mis-
annotations (by looking for discrepancies, such as reported gender and genetically inferred
sex), cross-sample contamination (using ContEst32). All included tumor-normal pairs must
also have >10 x 10° bases covered for calling somatic-mutation.

Genetic ancestry inference

The genetic ancestry of each patient was inferred by analyzing germline genotypes at
common autosomal SNP sites (minor allele frequency = 0.01 in any population) reported in
the Exome Aggregation Consortium (ExAC)38. The germline SNP genotypes were extracted
from the output of MuTect, excluding flagged artifacts. Using the germline genotype, the
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sample was classified into one of seven EXAC genetic ancestries using a Bayesian classifier
parameterized by the genotype frequencies of each EXAC population.

Given the genotype vector x € {AA, AB, BB}’ and assuming conditional independence of
SNP sites, the genetic ancestry y of an individual is predicted by

¥ = argmax I I p(xj| ¥) p(v)
¥

J

where p()) is the frequency distribution of EXAC populations.

For each SNP locus /, x;is modeled by

x j| y= Multinomial(&}’ )

¢)~Dirichlet([1...1 M

identification

Exome SNP sites on chrX and chrY were obtained from the Exome Sequencing Project3®.
The genotypes of germline samples at these SNP sites were called using samtools mpileup
and bcftools call (v1.3.1)37, and two summary statistics for each sample were derived: py,
proportion of reads mapping to chrX over reads mapping to chrX or chrY; and ppesx;
proportion of heterozygous SNP sites on chrX. K-means clustering (k= 2) was performed
using the features pxand pperx: together with seed samples of known sex. Each cluster was
assigned a class/sex based on the majority label of its seeds, and each sample with unknown
sex was assigned the class/sex of its cluster.

Somatic mutation calling

Somatic single-nucleotide variants (SNVs) were called using MuTect4?, and short insertions/
deletions (indels) were called using Strelka*! on tumor-normal pairs. Flagged artifacts were
excluded from downstream analysis. FFPE and oxoG artifacts were removed by read-pair
orientation bias filters described previously#2. Differences in detection of SNVs and indels
on fresh-frozen vs. FFPE specimens were assessed in Supplementary Fig. 2. Spurious calls
due to mis-alignment or sequence ambiguity were removed by re-assessing global alignment
quality using BLAT44. For each variant, alternative allele supporting reads were extracted
from the BAM file using the htslib C library (v1.2.1) directly. Each supporting read was
re-aligned using BLAT (v35), and if fewer than 65% of the reads re-align to the same locus
by the top hit, the variant was removed. Variants were also filtered according to a reference
blacklist: germline variants reported in ExAC38 at a population minor allele frequency >
0.05 or any variant that failed quality control in EXAC. Passing variants were annotated
using Oncotator46 as previously described33.
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Copy-number analysis

To obtain raw copy-number estimates across the genome of each sample, the number of
read-pairs mapping to each exome target region (padded by 250 bp) were extracted from the
BAM file. The raw estimates were normalized against coverage obtained from a panel of
diploid normal samples. The resulting total copy-ratio profiles were then segmented using
the circular binary segmentation algorithm#’. Subsequently, allele-specific copy-number was
estimated by examining read counts of alternative and reference alleles at germline
heterozygous SNP sites that were identified by MuTect# and restricted to those reported in
UCSC Genome Browser table snp146Common, subject to the filter: class = ‘single’ and
valid <> ‘unknown’ and except = “* and locType = “‘exact’ and alleleFreqCount = 2 and
submitterCount >= 2 and not bitfields like “clinically-assoc’. The allele-specific read counts
were then used to infer allele-specific copy-ratios as previously described33, serving as input
into ABSOLUTE (v1.4)*8, which jointly estimated the fraction of cancer cells, cancer
ploidy, and absolute allelic copy-numbers across the genome.

At each locus J total copy-number s;was estimated by rescaling the copy-ratio 7; by
estimates of cancer purity a and ploidy z:

A2

sj=1trj+

which is a simple rearrangement of the definition of copy-ratio.*8

Recurrently amplified genes are defined as genes that are amplified in = 2 unique patients,
after samples with amplification frequencies greater than the 95% quantile have been
excluded from consideration. Due to co-amplifications, nearby genes may have the same
copy-number profile across samples. To correct for this effect, each group of genes having
identical copy-number profiles across samples (e.g. determined by zero pairwise Euclidean
distances) were collapsed to a representative gene. Recurrently deleted genes are defined
similarly.

Differences in detection of copy-number events on fresh-frozen vs. FFPE specimens were
assessed in Supplementary Fig. 2.

Mutation driver analysis

MutSig2CV4? and dNdScv®C were used to analyze somatic SNVs and indels within exons in
order to identify genes with mutation frequency above background rate.

Copy-number driver analysis

In order to identify brain metastatic drivers, we performed a case-control analysis on the
frequencies of copy-number aberrations (Extended Data Fig. 5). Total copy-number
segments produced by ABSOLUTE (v1.4)*8 from the case and control cohorts were
independently analyzed by GISTIC®L. To account for confounding covariates, the segment
profiles of control samples were multiplied by the matching weights (see “Control cohort
and matching”). The GISTIC amplifications and deletion profiles were independently
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analyzed using a Gaussian Process Latent Difference model, in order to identify regions
where G-scores are greater in the case cohort than in the control.

Given G-scores y € R’ from group g € {—0.5, +0.5}” at genomic positions x € R’ indexed
by j € {1...J}, the objective is to estimate the latent differences s € R’ between the two
groups, using the following novel model:

y j~Normal(/4 +f & jo')

u~Normal(0, 7)

62~InvGamma(a, p)

f~MultiNormal(0, X)

where y is the overall offset, 62 is the observation error, T = k(xj, xj«) is the Gaussian

process covariance matrix, and k is squared exponential covariance function. Model
parameters were fitted using the iterated conditional mode method (coordinate ascent).
Following convergence, the posterior distribution of Ffwas approximated by Laplace’s
method.

Differential regions were identified at prescribed false discovery rate levels using a two-step
procedure inspired by the Korthauer method for detecting regions of differential
methylation®2, Bayesian false discovery rates were estimated using the Muller-Parmigiani-
Rice method®3.

Phylogenetic analysis

Phylogenetic analysis was performed as previously described33. For patients with multiple
sequenced tumor samples, we borrowed statistical evidence across tumor samples in order to
improve sensitivity. At each variant locus called in any of the matched samples from a
patient, we re-examine the BAM file and count the number of reads supporting the
alternative allele. These alternative allele counts were taken in consideration during
phylogenetic analysis in order to avoid miscalling a mutation as specific to one sample when
it is in fact shared among multiple samples from the same patient33,

Matched-pairs primary-metastasis analysis

High-level amplifications and homozygous deletions were first called on all samples based
on principal thresholds (total copy-number >8 for amplification; total copy-number <0.5
for deletion). Each amplified or deleted gene was reassessed using relaxed thresholds (total
copy-number > 6 for amplification; total copy-number < 0.6 for deletion) on samples from
patients with at least one sample meeting the principal threshold. This reassessment helps
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avoid miscalling events that are shared among multiple samples from the same patient.
Differences in absolute frequencies of events between groups were assessed using linear
region under a quasi-Poisson model, followed by hypothesis testing with the Wald test.
Differences in relative frequencies of events were tested using Fisher’s exact test.

Patient-derived tumor xenograft model

LN-001 tumor cell culture was derived from a freshly resected brain-metastatic lesion of a
patient with lung adenocarcinoma who provided written informed consent approved by the
Institutional Review Board. Tissue was collected under sterile conditions, minced and
dissociated with Brain Tumor Dissociation Kit (Miltenyi Biotec) according to
manufacturer’s instructions. Cells were cultured in Neurobasal medium (Invitrogen)
supplemented with 1X B-27 (Invitrogen), 0.5X N2 (Invitrogen), heparin (2 pg/mL; Sigma-
Aldrich), L-glutamine (3 mM; Invitrogen), 1X antibiotic/antimycotic (Invitrogen), epidermal
growth factor (20 ng/mL; R&D Systems), fibroblast growth factor 2 (20 ng/mL; Peprotech)
for 10 days, and then cultured in Dulbecco’s Modified Eagle’s Medium (Invitrogen)
supplemented with 10% fetal bovine serum (Invitrogen) and 1X antibiotic/antimycotic.

Lentiviral transduction

Recombinant viruses were produced in HEK293T cells by transfection with lentiviral
plasmids using FUGENE HD Transfection Agent (Promega, Madison, WI) along with
pCMV-delta-R8.2 and pCMV-VSV-G, generous gifts from Sandro Santagata (Brigham and
Women’s Hospital, Boston, MA). Cells were transduced at a multiplicity of infection of 2 in
media containing polybrene (8 pg/mL; EMD Millipore, Burlington, MA) for 48 hours.
Media was collected 24 and 48 hours after transfection, filtered through a 0.48 um filter and
stored at —80°C. LN-001 cells were engineered to express Firefly luciferase and mCherry
(FmC) by transduction with LV-pico2-Fluc-mCherry (LV-FmC), a generous gift from Khalid
Shah (Brigham and Women’s Hospital, Boston, MA) and Andrew Kung (Dana-Farber
Cancer Institute, Boston, MA). Transduced cells were selected with puromycin (7 pg/mL)
for 3 days and mCherry-expressing cells were selected using fluorescence-activated cell
sorting (FACSAria Cell Sorting System; BD Biosciences).

Lentiviral expression constructs

Gateway entry or donor vectors (pENTR223-MMP13 and pDONR221-MY C) were obtained
from the Harvard Medical School PlasmID Repository (HsCD00376676 and
HsCDO00039771), and open reading frames were cloned into the lentiviral V5 C-terminal tag
expression vector pLX304, a gift from David Root (#25890; Addgene) using BP Clonase Il
and LR Clonase Il (#11789020, #11791020; Thermo Fisher). pLX304-LacZ and pLX304-
YAP1 lentiviral vectors were a gift from William Hahn (#42560, #42555; Addgene). All
constructs were verified by Sanger sequencing using CMV-F and WPRE-R primers. pLX304
lentiviral vectors were packaged and LN-001-FmC cells were transduced as described
above. Cells were selected with blasticidin (10 pg/mL) for 10-14 days. Protein expression
was confirmed by Western blotting using an anti-V5 antibody (V8137; Sigma-Aldrich).
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Animal studies

All jn vivo experiments were approved by the Institutional Animal Care and Use Committee
at Massachusetts General Hospital and involved female athymic nude mice (Charles River
Laboratories) housed in a 12-hour light-dark cycle with free access to water.

Intracranial tumor implantation

Mice aged 6-8 weeks were anesthetized with 40-50 mg/kg sodium pentobarbital
(Nembutal) and placed in a stereotaxic frame (David Kopf Instruments). 1x104 tumor cells
suspended in 4 uL HBSS were injected into the right mid-striatum (2 mm lateral from
bregma and 2.5 mm deep) using a 26-gauge syringe (Hamilton Company). MediGel CPF
cups (ClearH20) were administered for pain management. Mice were euthanized when
neurological symptoms developed.

Intracardiac tumor implantation

Mice were anesthetized with 3% isoflurane in 100% oxygen and 2.5x10° tumor cells
suspended in 50 uL HBSS were injected into the left cardiac ventricle.

Bioluminescence imaging

Mice were anesthetized with 3% isoflurane in 100% oxygen, injected with 4.5 mg/kg of D-
luciferin in 300 pL saline, and imaged after 10 minutes using an optical imaging platform
(Spectral Instruments Imaging). Images were taken every 5 minutes until photon counts
peaked. For ex vivoimaging, mouse brains were harvested, placed in a bath of ice-cold D-
luciferin (15 mg/mL), and imaged 10 minutes after the final /n vivo image. Tumor burden
was estimated by measuring the photon intensity above the background signal in a region of
interest and normalized by area. Mouse brain sections were stained with antibody against
human keratin (#4546S; Cell Signaling Technology) to validate the presence of brain
metastatic lesions.

Statistical analysis

All statistical analyses were conducted in the R environment (v3.2.3). All statistical tests are
two-sided. Weighted logistic regression for the comparison of mutation frequencies was
performed using the glm function with the quasibinomial model family, logistic link
function, and coarsened exact matching weights as input weights in order to control for
confounding covariates (biological sex, genetic ancestry, and smoking exposure).
Confidence or credible intervals are at the 80% level, unless stated otherwise. Results with p
<0.05 are considered statistically significant. Adjusted p values (also denoted as g values)
control for multiple hypothesis testing at the indicated false discovery rates. Co-mutation
plots were generated using ComplexHeatmap (v1.14)>* package on Bioconductor. Markov
chain Monte Carlo sampling was performed using rstan (v2.17)°°.

Extended Data
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Extended Data Fig. 1.
Power analysis and statistical simulation of case-control study.

a, Estimated effect of increasing fraction of brain metastasis patients in TCGA-LUAD on
statistical power to detect metastatic drivers at different mutation frequency levels in BM-
LUAD. The driver mutation frequency is assumed to be 1% among TCGA-LUAD patients
who do not develop brain metastasis (true controls). Power is calculated for testing an
increase in driver mutation frequency among cases compared to controls at a significance
level of 0.05. Observations are assumed to be independent and identically distributed.

b, Simulated effect of increasing fraction of brain metastasis patients in TCGA-LUAD on
false positive rate for detecting metastatic drivers at different mutation frequency levels.
Each data point represents a simulation of 100 experiments under the null hypothesis (i.e.
the mutation frequency among patients who never develop brain metastasis is equal to the
mutation frequency among brain metastasis patients).

Significance level is set to 0.05. Vertical line represents the estimated fraction of brain
metastasis patients in TCGA-LUAD, and shaded region represents the 95% confidence
interval, as determined using a mixed effect meta-analysis binomial regression accounting
for immunohistological subtype, TNM stage, EGFR mutation status, race, smoking status,
gender, and age under an errors-in-variables model to allow for missing or uncertain data.
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Extended Data Fig. 2.
Power analysis and statistical simulation of case-control study.

a, Proposed causal model for brain metastasis. Red arrow denotes main causal relationship
of interest; black arrows, well-supported relationships; gray arrows, uncertain relationships.
Relationship between TNM stage and brain metastasis is bidirectional: brain metastasis at
diagnosis is defined as stage 1V, and node involvement contributes to metastasis.

b, Coarsened exacting matching weights, determined based on biological sex, genetic
ancestry, and smoking exposure.
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¢, Distributions of confounding covariates before exact matching.

d, Distributions of confounding covariates after exact matching.

e, Distributions of TNM stage and age at primary diagnosis before exact matching and f,
after. TNM stage and age were not included in exact matching, and their distributions remain
similar after exact matching.

AFR, African or African American. EAS, East Asian. NFE, Non-Finnish European. SAS,
South Asian. AMR, Latino. FIN, Finnish. OTH, Other.
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Extended Data Fig. 3.
Power analysis and statistical simulation of case-control study.

Single nucleotide variants (SNVs) and short insertions/deletions (indels) in BM-LUAD were
analyzed by MutSig2CV and dNdScv to identify driver genes under positive selection.
Identified drivers are statistically significant by both MutSig2CV and dNdScv at 1% false
discovery rate, except for EGFR, which harbors recurrent indels that are considered only by
MutSig2CV. The mutation frequencies of the identified drivers are shown for BM-LUAD
and TCGA-LUAD after matching adjustment by coarsened exact matching, and statistical
significances of differences in mutation frequency were assessed by weighted logistic
regression using the matching weights. None of the identified drivers were statistically
significantly different between BM-LUAD and TCGA-LUAD at 0.05 significance level with
Benjamini-Hochberg multiple hypothesis correction.
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Extended Data Fig. 4.
Power analysis and statistical simulation of case-control study.

a, Heatmap of copy-number profiles for samples from TCGA-LUAD (top) and BM-LUAD
(bottom).

Each row represents the copy-number profile of a tumor sample across chromosomes 1 to 22
and X.

Red indicates copy-number gain; blue, loss.

b, Frequencies of genome doubling events in TCGA-LUAD and BM-LUAD.
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Extended Data Fig. 5.
Power analysis and statistical simulation of case-control study.

CNAs Somatic copy-number profiles in case cohort (BM-LUAD) and weight-matched
control cohort (TCGA-LUAD) were analyzed by GISTIC. Copy-number profiles of control
samples were multiplied by matching weights, which were defined to balance covariate
distributions between case and control cohorts using the coarsened exact matching method.
G-score profiles for amplifications and deletions were independently analyzed by a Gaussian
process latent difference model to identify significantly enriched regions. Candidate drivers
were identified by logistic regression comparing aberration frequencies between case and
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weighted controls; the candidates were further validated in an independent cohort by
fluorescence in situ hybridization.
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Extended Data Fig. 6.
Power analysis and statistical simulation of case-control study.

Dot plot of frequencies of copy-number events and tumor purity in BM-LUAD (a) and
TCGA-LUAD (b).

Correlations are measured by Kendall rank correlation coefficient. Blue curves represent
LOESS regressions.

High-level amplification, > 8 total copy-number; Deep deletion, < 0.5 total copy-number;
Gain, > 3/2 normalized copy-ratio; Loss, < % normalized copy-ratio.

Normalized copy-ratio is total copy-number scaled to tumor ploidy.
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Extended Data Fig. 7.
Power analysis and statistical simulation of case-control study.

a, Proposed causal model for sample-level covariates involving tumor purity. Red arrow
denotes main causal relationship of interest; black arrows, well-supported relationships; gray
arrows, uncertain relationships. “Somatic alteration” (shown in gray) is not directly
observable. In contrast, “detected somatic alterations” is directly observable. Observing
“detected somatic alterations” (which is a collider) introduces a backdoor path from
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“somatic alteration” to “brain metastasis”, and this path may be closed by controlling for
tumor purity.

b, Distributions of tumor purity in TCGA-LUAD and BM-LUAD before and after exact
matching on biological sex, genetic ancestry, smoking exposure, and tumor purity.

¢, Proposed causal model for patient-level covariates including stage. Stage 11 is a likely
mediator variable that may be controlled in order to assess the direct effects of somatic
alterations on incidence of brain metastasis.

d, Differentially amplified or deleted regions in BM-LUAD compared to TCGA-LUAD after
additionally matching on tumor purity.

Differential regions of interest are labeled.

e, Differentially amplified or deleted regions in BM-LUAD compared to stage 111 samples in
TCGA-LUAD.
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Extended Data Fig. 8.
Power analysis and statistical simulation of case-control study.

a, Estimated powers to detect metastatic driver under a matched-pairs primary-metastasis
comparison study. Levels of driver alteration frequency among cases are shown in different
line colors. Various probabilities of driver alteration occurring late during metastatic
progression (see Fig. 3) are considered in separate subplots. Power is calculated for Poisson
regression comparing absolute frequencies of late driver alterations against frequencies of
late background alterations (which was estimated to be 1.0 from recurrently altered genes).
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Observations are assumed to be independent and identically distributed. Each case patient
requires the processing of 3 samples (brain metastasis, matched primary tumor, and matched
germline).

b, Estimated powers to detect metastatic driver under a case-control study. Levels of driver
alteration frequency among cases are shown in different line colors. The driver alteration
frequency is assumed to be 1% among TCGA-LUAD patients who do not develop brain
metastasis (true controls). Power analysis corrects for the estimated 30% incidence of brain
metastasis among TCGA-LUAD patients (cases-in-controls contamination). Each case
patient requires the analysis of 2 samples (brain metastasis and germline).

Significance level is set to 0.05. Vertical line represents the realized sample size.
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Extended Data Fig. 9.
Power analysis and statistical simulation of case-control study.

Representative /n vivoand ex vivo brain bioluminescence images taken 12 days after
intracardiac injections with tumor cells overexpressing lacZ, MYC, MMP13, or YAP1
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Extended Data Fig. 10.
Power analysis and statistical simulation of case-control study.

a, Representative in vivo bioluminescence images of xenograft mouse model 14 days post
intracranial injections of 1 x 10% tumor cells overexpressing lacZ, MYC, MMP13, or YAP1.
b, Overall mouse survival following intracranial injections of tumor cells. Median survival of
the lacZ control group

(29.5 days; n = 8) was compared against those of the other groups by the log-rank test:

MYC (22 days; n = 8, p = 0.0004), MMP13 (29 days; n = 8, not significant), or YAP1 (33.5
days; n = 8, not significant).
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Fig. 1: Novel candidate brain-metastatic driverstargeted by amplifications or deletions.
a, GISTIC amplification (top) and deletion (bottom) plots of BM-LUAD (n = 73) and

-e—- TCGA-LUAD
BM-LUAD-V

matched samples in TCGA-LUAD (n = 464) cohorts. b, Differentially amplified or deleted

regions in BM-LUAD compared to TCGA-LUAD. Significant differential regions are
labeled (FDR < 0.01, and G-score difference > 0.5). ¢, GISTIC plots of control region
(NKX2-1) and candidate metastatic driver regions. d, Frequencies of amplifications or
deletions of candidate metastatic drivers, adjusted by matching weights to control for
confounding. Error bars denote 80% confidence intervals. Significance was assessed by
weighted logistic regression. e, Frequencies of amplifications of MYCand YAPIin
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validation cohort BM-LUAD-V (n = 105) as determined by fluorescence /n situ
hybridization. TCGA-LUAD was re-used as the control cohort.
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Fig. 2. Co-mutation plot from whole exome sequencing of brain metastasis patients.
Significantly recurrently mutated drivers identified by both MutSig2CV and dNdScv in BM-

LUAD are shown, followed by significantly amplified or deleted drivers identified using
GISTIC in BM-LUAD, along with additional known cancer drivers in lung adenocarcinoma.
Genes highlighted in orange are candidate metastatic drivers identified by matched case-
control comparison between BM-LUAD and TCGA-LUAD. Each column represents one
brain metastasis. False discovery rates are controlled at 1%.
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Fig. 3: Phylogenetic analysis of copy-number driversin brain metastasis and matched primary

tumors.

a, Somatic mutations in BM-LUAD cases bearing candidate drivers,

depicted as

phylogenetic trees. Branch lengths are proportional to the number of somatic point-
mutations incurred along each lineage. Thin terminal branches indicate subclones with
estimated cancer cell fraction less than 1.0 in the indicated sample. Somatic alterations in
genes considered significantly recurrently mutated in TCGA-LUAD by CNA or mutation
are annotated in black on the indicted phylogenetic branch. Somatic amplification and
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deletion of proposed candidate driver genes are indicated in red. b, Frequency of high-level
amplifications that were private to the primary tumor, private to brain metastasis, or shared.
The “other amplified gene’ column represents the average number of samples the other
recurrently amplified genes were amplified in. Significance was determined using Poisson
regression and Wald test. c, Fraction of high-level amplifications in brain metastases that
were not detected in paired primary tumors. Significance was determined using Fisher’s
exact test. Error bars represent 80% confidence intervals. d, Fraction of high-level
amplifications in primary-tumor samples that were also detected in paired brain metastases.
Significance was determined using Fisher’s exact test. Error bars represent 80% confidence
intervals. e, Frequencies of deletions that were private to the primary tumor, private to brain
metastasis, or shared. The ‘other deleted gene’ column represents the average number of
samples the other recurrently deleted genes were deleted in. Significance was determined
using Poisson regression and Wald test. f, Fraction of deletions in brain metastases that were
not detected in their paired primary tumors. Significance was determined using Fisher’s
exact test. Error bars represent 80% confidence intervals. g, Fraction of deletions in primary-
tumor samples that were also detected in paired brain metastases. Significance was
determined using Fisher’s exact test. Error bars represent 80% confidence intervals.
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Fig. 4: Functional validation of brain-metastatic driversin a patient-derived xenogr aft model.
a, Representative ex vivo and b, in vivo bioluminescence images 12 days after intracardiac

injections with LN-001 tumor cells. ¢, Incidence of brain metastasis 12 days after

intracardiac injections of LN-001 tumor cells overexpressing /acZ (n = 27), MYC (n = 28),
MMP13 (n = 26), or YAPI (n = 28). Error bars denote 80% confidence intervals. Data were
aggregated over 3 independent experiments. Significances were assessed by Fisher’s exact
tests. d, Overall tumor burden following intracardiac injection. Box represents interquartile
range; middle line represents median; limits mark the extremes. Significance was assessed
by the Kruskal-Wallis rank sum test. e, Representative images of mouse brain sections
stained for human keratin, showing presence of brain metastases 12 days after intracardiac
injections of LN-001 tumor cells.
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