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Although the development of multiple primary tumors in smokers with
lung cancer can be attributed to carcinogen-induced field cancerization,
the occurrence of multiple tumors at presentationinindividuals with
EGFR-mutant lung cancer who lack known environmental exposures
remains unexplained. In the present study, we identified ten patients with
early stage, resectable, non-small cell lung cancer who presented with
multiple, anatomically distinct, EGFR-mutant tumors. We analyzed the
phylogenetic relationships among multiple tumors from each patient

using whole-exome sequencing (WES) and hypermutable poly(guanine)
(poly(G)) repeat genotyping as orthogonal methods for lineage tracing.

In four patients, developmental mosaicism, assessed by WES and poly(G)
lineage tracing, indicates acommon non-germline cell of origin. In two other
patients, we identified germline EGFR variants, which confer moderately
enhanced signaling when modeled in vitro. Thus, in addition to germline
variants, developmental mosaicism defines a distinct mechanism of genetic
predisposition to multiple EGFR-mutant primary tumors, with implications
for their etiology and clinical management.

As many as 10% of patients with non-small cell lung cancer (NSCLC)
present with radiographic findings suggestive of two or more ana-
tomically distinct synchronous lesions. This fractionis rising with the
overall increased utilization of computed tomography (CT) imaging
and specifically withimproved utilization of low-dose CT screeningin
high-riskindividuals with heavy smoking histories' ™. In such patients,
multipleindependent primary tumors are genetically unrelated, typi-
cally showing distinct genetic drivers, with mutational signatures of
carcinogen-mediated DNA damage'~°. The concept of field canceriza-
tioninlungand other tissues, such as ultraviolet-exposed skin, explains

the lifelong risk of multiple primary tumors and the need for regular
cancer screening and monitoring in a subset of patients™ .

NSCLC harboringactivating mutationsin the EGFR gene account
for approximately 15% of all cases'. Specific, somatically acquired,
‘canonical’ mutations (most commonly L858R and delE746-A750)
strongly activate receptor signaling, driving tumorigenesis and lead-
ing to dramatic clinical responses to epidermal growth factor receptor
(EGFR) kinase inhibitors"'°. Tumors with canonical EGFR mutations
typically do not show smoking-associated mutational signatures and
the dramatic enrichment of cases among never smokers with NSCLC
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Table 1| Demographic and clinical characteristics of the patients

Patient Age decade (gender)® Smoking Geneticancestry  Stage No.of tumors  Contralateral/Multilobar Classification
-1 50s (M) Moderate European 0 >13 Y/Y Germline

-4 60s (F) Never European 0 10 Y/Y Germline

1 60s (F) Former European 1A 4 N/Y Independent®
2 80s (M) Former European 1A 3° N/N Metastatic

3 50s (F) Never African 1A >3 N/Y Metastatic

4 50s (F) Former Asian 1A >5 Y/Y Germline

5 50s (F) Never African 1A 5 Y/Y Germline

6 70s (F) Former European 1B 4 N/N Germline®

7 70s (F) Never European 1B 2 N/Y Mosaic

8 80s (F) Former European 1A 4 Y/Y Mosaic

9 60s (F) Never European | 4 Y/Y Mosaic

10 70s (F) Former European 1A 4 Y/Y Mosaic

2Self-reported gender. PAdditional tumors observed on pathological assessment. °Solely inferred from WES. Clinical characteristics of two patients from a familial lung cancer pedigree (1111
and Ill-4) and ten patients with sporadic multiple primary lung cancers. The stage refers to the clinical impression at the time of surgical resection following the International Association of
Small Cell Lung Cancer, 8th edn staging guidelines. The number of tumors corresponds to those observed on CT scans throughout the patient’s lifetime. F, Female; M, Male; N, No; Y, Yes.

(upto50% of cases) indicates that these mutations are linked to other
risk factors'”’®, Remarkably, the incidence of EGFR-mutant NSCLC
is almost twice as high in women, compared with men, and in Asian
populations, compared with non-Asian populations”. Although ger-
mline genetic polymorphisms linked to an increased prevalence of
EGFR-mutant NSCLC have notbeenidentified, shared haplotypes have
been described between Asian and South American populations at risk
of EGFR-mutant cancer” 2,

Canonical, somatic activating EGFR mutations have never been
observed in the germline, suggesting that their cellular signaling
activity isincompatible with normal embryonic development. How-
ever, we previously identified a family with inherited susceptibility to
EGFR-mutant lung cancer, caused by agermline variant with attenuated
signaling activity”: the T790M ‘gatekeeper’ mutation, commonly asso-
ciated with acquired drug resistance to first- and second-generation
EGFRinhibitors*. In this family, inheritance of agermline T790M-EGFR
mutation confers weakly enhanced EGFR signaling, which may be toler-
ated during lung development. As multiple tumors emerge in suscep-
tible family members, these show somatic acquisition of a canonical
EGFRmutationin ciswith theinherited variant, with the two mutations
having synergy and enhanced activated signaling®. Although extraordi-
narily rare, familial susceptibility to NSCLC caused by aninherited EGFR
T790M allele has since been confirmed in a few additional families*”".
Other rare EGFR germline familial variants, including V843I, R776X
and P848L, have been reported®, with less confidence about their
associated cancer risk.

In the absence of smoking-associated field cancerization or
known familial predisposition, the presence of multiple synchro-
nous EGFR-mutant tumors appears paradoxical and several distinct
models have been proposed. Deep sequencing of normal lung tissues
from individuals without cancer has revealed ultra-rare oncogenic
EGFR-mutant alleles within as many as 18% of samples®’, consist-
ent with the emerging appreciation that cancer-causing mutations
may populate apparently healthy aging tissues®*>*. In that study?’,
pollution-associated inflammationis proposed as a potentially impor-
tant modifying enhancer of spontaneous EGFR-mutation-driven
tumorigenesis. Any tumors ultimately derived from such mutant
EGFR-harboring cells would constitute independent, genetically
unrelated events. On the other hand, previous studies of multiple
primary EGFR-mutant lung cancers have indicated the presence of
shared mutations, leading to the suggestion that they may be clon-
ally related metastases, potentially resulting from intrapulmonary
spread through lymphatics and possibly even air spaces, inthe absence

of disseminated metastatic disease®*”**>. However, such localized
intrapulmonary mechanisms of dissemination do not readily explain
involvement of different lobes and contralateral lungs, which may be
observedinsuch cases. Moreover, many lung lesions in patients with
EGFR-mutant multiple primary tumors are histologically preinvasive,
without evidence of lymphovascular or visceral pleural invasion,
thereby reducing the likelihood of metastatic spread. Given these
divergent models, we applied genome-wide analytic strategies to test
whether other genetic mechanisms may explain EGFR-mutant lung
cancers presenting with multiple primary lesions.

Results

Patient clinical characteristics

We identified ten patients from medical records at Massachusetts
General Hospital (MGH) who had surgery between 2004 and 2019 for
multiple early stage, spatially distinct, lung adenocarcinomas, with
atleast one specimen positive for the EGFR mutation by routine clini-
cal genotyping (Table 1, patients 1-10). No patient had received any
treatment before surgery and none was found to have lymph node
involvement or suspected metastatic disease. Four patients were never
smokers, three had aremote smoking history of <5 pack-years and
three had a former >30-pack-year smoking history. None of the ten
patients had afamily history that was considered remarkable for multi-
ple malignancies, including lung cancer. Tumor diameters ranged from
0.3 cmto3 cm. Infive patients, multiple tumorsinvolved bilateral lungs,
whereas, in three patients, tumors arose within different lobes on the
ipsilateral side and, intwo, they were confined to asingle lobe (Table 1,
Supplementary Table1and Extended Data Fig.1a). Histologically, they
were classified as precancerous atypical adenomatous hyperplasia
(AAH, two tumors from two cases), adenocarcinoma in situ (AIS, one
case), minimally invasive adenocarcinoma (MIA, ten tumors from six
cases), mixed AIS and MIA (one case) and invasive adenocarcinoma
(seventeen tumors from eight cases). In addition to the above cases
of sporadiclung cancer, we applied our molecular analyses to afamily
with known germline transmission of an EGFRT790M allele (noncritical
clinical features in the family history have been changed to preserve
confidentiality) (Table 1, Fig. 1a and Extended Data Fig. 1b)*. In this
family, the number of tumors per individual mutation carrier ranged
from1to 13, with histology ranging from AIS to invasive adenocarci-
noma (Fig. 1b,c and Supplementary Table 1). We first validated our
tumor molecular analyses in one patient from this family with known
germline susceptibility and then applied the same analytics to the
sporadic cases with multiple primary tumors.
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Molecular evolution in familial EGFR-mutant lung cancer
Multiple specimens were available for two patients in the family with
aninherited T790M mutant EGFR allele. For the index case (patient
I1I-1), six geographically distinct lesions were resected from the left
upper and lower lobes at the time of initial diagnosis, and an additional
seven lesions resected 10 years later from the left lower lobe (Fig. 1d).
WES of macrodissected, formalin-fixed paraffin-embedded (FFPE)
tumor sections, compared with normal blood specimens, confirmed
the heterozygous T790M-EGFR germline mutation in all tissues. DNA
copy number alterations (CNAs) for two representative independent
tumors fromthe first resection are shownin Fig. le, including T5, which
subsequently gave rise to metastatic disease. Tumor T3 is an MIA and
shows an allelic copy ratio of 1.0 for most chromosomes, indicating
diploidy. Tumor T5is aninvasive adenocarcinomaand shows extensive
aneuploidy. All tumors shared the functionally attenuated T790M
germline mutation and showed subsequent somatic acquisition of a
single secondary canonical EGFR mutation, either L858R or an exon
19 deletion mutation. However, beyond EGFR, the initially resected
six tumors have no shared somatic mutations, consistent with their
independentoriginin the setting of cancer predisposition (Fig. 1fand
Supplementary Table 2). Asummary of cluster assignmentsis available
inSupplementary Table 3.

In contrast, exome sequencing and phylogenetic reconstruction
of the seven tumors resected from this patient 10 years later (T7-T13)
show that they share between 29 and 33 somatic mutations (average
18.4% of all mutations are shared between the initial lesion T5 and the
later lesions T7-13, and average 76.1% of all mutations shared across
thelater lesions T7-13) (Fig. 1f and Supplementary Table 4). Published
analyses of intratumoral heterogeneity in lung adenocarcinomas indi-
cate that any two regions of the same tumor share approximately 70%
(interquartile range (IQR) 50-80%) of allmutations detected by WES".
Using this as abenchmark for our analysis, we conclude that the later
tumors were recurrent metastatic foci, derived from one of the origi-
nally resected tumors (T5). This proof-of-concept analysis illustrates
the genetic parameters that define completely independent early lung
tumors versus metastatic recurrences fromasingle primary tumor, all
arising within the context of aninherited genetic susceptibility.

Developmental mosaicism in multifocal lung cancer

Having used our molecular analysis to distinguish independent pri-
mary tumors from metastatic recurrences in the setting of familial
EGFR-mutant lung cancer, we turned to aseparate cohort of ten appar-
ently sporadic cases with multiple EGFR-mutant lesions. Four of these
cases (patients 7-10) were unusual in that WES revealed shared somati-
cally acquired mutations across anatomically separate tumors that
were not observed in normal tissues (range 1-4 shared mutations,
representing 0.4-4.0% (average 1.6%) of all exonic mutations) (Fig. 2
and Supplementary Tables 2-5). This pattern, with a small number of
shared mutations across anatomically distant tumors, isincompatible
with completely independent tumors arising either spontaneously,

for which we would expect no shared mutations, or in the context of
germline genetic predisposition, for which we would expect no shared
mutations other than the germline EGFR mutationitself. Itis also readily
distinguishable from clonally related metastatic lesions, which would
have a much higher fraction of shared somatic mutations, as demon-
strated for patient IlI-1.

Given FFPE as the source of tumor tissue, we separately scored
mutations according to tissue context, excluding those whose pres-
enceinmorethantwo different cases might indicate amutation caused
by formalin damage. Even with rigorous correction for this possible
artifact, the evidence for a shared somatic origin for multiple tumors
incases 7-10is retained. Mutational signature analysis of these tumors
revealed expected smoking, APOBEC and aging signatures consistent
with patient clinical characteristics and did not identify any unusual
patterns (Extended Data Fig.2 and Supplementary Table 6). Individual
tumors within these cases also developed common lung adenocarci-
noma driver events, such as KRAS and TP53 mutations, in addition to
the EGFR mutations, but these mutations were private to individual
tumors (Supplementary Table 2). In contrast, EGFR mutations them-
selves were identical across anatomically distinct tumors within indi-
vidual patients:in one case (patient 7), geographically distinct tumors
shared avery rare mutation (SPKANKEI752del) that is unlikely to have
developed twice independently and, in another case (patient 8), two
tumors shared two unique somatic mutations, inaddition to the com-
mon canonical EGFR L858R mutation (Fig. 2a,b and Supplementary
Table2). These datasuggest developmental mosaicism: distant shared
somatic ancestry among multiple primary tumors within individual
patients as a result of early acquisition of an oncogenic mutationin a
single cell with mutated daughters that are distributed throughout the
adult body during the normal course of development. In cases where
the developmental mosaicism is of oncogenic EGFR mutations, as
shown here, developmental mosaicism lays the foundation for genetic
predisposition to NSCLC.

Developmental mosaicism in adult tissues predicts that variant
alleles may be present, albeit at very low frequency, within normal
tissues, where they may comprise a reservoir of cells susceptible to
transformation®. To detect such cells, we employed droplet digital
PCR (ddPCR) technology, which countsindividual DNA molecules with
a detection limit of <0.01% of cells within a population®. In all three
putative mosaic cases with L858R EGFR-mutant tumors, the L858R
mutation was detectable in multiple, anatomically distinct, normal
lung samples, albeit at much lower allele fractions than in the tumor
samples (Fig.3a). Asacontrol, nosuch mutations were detected within
normal tissues of cases with EGFR mutations other than L858R (patients
land?7). Although we cannot formally exclude clonal hematopoiesisasa
source of rare mutant alleles within normal tissues, we note that canoni-
cal EGFR mutations are notamong the knownrecurrent events reported
in clonal hematopoiesis and the EGFR mutations were observed only
in cases with matched tumor harboring the same mutation. Thus,
molecular analyses suggest the presence of very rare cells harboring

Fig.1| Genetic analysis of familial lung cancer caused by inherited T790M
mutationinthe EGFR gene. a, Pedigree of a family with multiple cases of lung
adenocarcinoma, in which theindex case (l11-1) was diagnosed with six primary
carcinomas (first resection), followed by resection of seven tumors 10 years later.
Individuals shown in black have a confirmed or obligate germline T790M-EGFR
mutation and those who have developed lung adenocarcinoma are denoted
LUAD. The pedigree was minimally altered to preserve confidentiality (males,
square; females, circles). b, CT scans of two tumors from patient Ill-4, one in the
right middle lobe (RML) and the other in the right lower lobe (RLL). ¢, Histology
of tumors from 7790M-EGFR family patients showing the range of invasiveness
encountered inour cohort, from precancerous AAH (patient I11-4 lesion

T2), to AIS (patient I1I-4 lesion T2), to MIA (patient Ill-1lesion T2), to invasive
adenocarcinoma (patient Ill-1; lesion T12). Panels are at x40 magnification, with
insets at x200. Scale bars,1 mm. d, Schematic of the tumor locations in patient

11I-1, at the first resection (left) and the second resection 10 years later (right).

e, Copy number data for two tumors from the first resection of patient I1I-1.

f, Phylogenetic lineage tracing of multiple tumors from patient I1l-1based on
WES. The tumors from the first resection, T1-T6, share no mutations outside of
EGFR, asrepresented on the tree by no intersection point for clones1, 6,7,12,13
and 14 and, in the pie charts, by no colors shared between them. In contrast, the
tumors from the second resection, T7-T13, share 29 mutations, as represented
by the long trunk leading from cl1to cI2 before branching into cl4, -5, -8 and -10.
Inaddition, the pie charts for these tumors are complex mixtures of these four
clones and clones are shared among multiple tumors. Numbers on branches are
mutations that accumulated between two nodes, which represent distinct clones
identified by WES. Numbers in parentheses are exonic mutations that are not in
the FFPE context.
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Fig.2|Mosaic somatic EGFR mutations mediate multiple primary lung
tumors resulting from shared common ancestors. WES-derived phylogenetic
trees of four cases with multiple tumors that share acommon somatic ancestor.
The shared somatic mutations, including EGFR, are shown in magenta. Numbers
on branches are mutations that accumulated between two nodes, which
represent distinct clones identified by WES. Numbers in parentheses are exonic
mutations that are notin the FFPE context. In comparison with the previous
cases, the branches of these trees do intersect at the pink clones, indicating
some shared genetic ancestry that is not observed in completely independent
or germline tumors. However, the number of shared mutations and the trunk of
shared ancestry are very small relative to the total number of mutationsin each
clone. This is distinct from the patients with metastatic cancer. The pie charts of
these tumors all exhibit the pink clone but are otherwise relatively simple and
donotshare clones between tumors. a, In case 7, the two geographically distinct
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tumors share an extremely rare somatic EGFR mutation, SPKANTKEI752del,

and then acquire 236 and 328 separate exonic mutations. b, In case 8, two
geographically distinct contralateral tumors share the recurrent mutation
L858R, inaddition to two somatic mutations, before acquiring 111and 83
separate mutations each. ¢, In case 9, two tumors (T2 and T6) share the L858R
mutation before acquiring between 38 and 69 private mutations. T4 and T7 were
too early stage and of too low purity to assess by WES whether they also carry the
mutation; however, clinical sequencing confirmed the L858R mutation in both.
d, In case 10, six tumors share XKR6 P580Q, ZBTB16 (intron) and ARID3B (3’-UTR)
mutations. EGFR L858R was found in three of the six tumors (T1, T6é and T7) by
WES and a fourth (T4) by clinical genotyping. “ZBTB16 and AIRD3B mutations
were observed in multiple tumors but not normal tissue samples, therefore they
areborderline for FFPE filtering. The other two tumors are early stage and low
purity. These tumors went on to acquire 45-409 private mutations.

shared EGFR mutations within normal lung tissues of patients with
potentially mosaic-derived EGFR-mutant cancers.

To quantify the divergence between tumors, we generated poly(G)
fingerprints®*°, whichmeasure insertions/deletions (indels) in hyper-
mutable guanine mononucleotide repeats. These mutations occur at
high rates during DNA replication as a consequence of polymerase
slippage*’ (Fig. 3b,c). Therefore, the divergence between the poly(G)

genotypes of two somatic cell populations is a reflection of the number
of cell divisions that separate them. We first benchmarked the poly(G)
assay on samples from EGFR T790M familial cancer patient I1I-1. Poly(G)
analysis demonstrated a short shared evolutionary history and few
shared variants among the tumors from the first resection, consist-
ent with the results from the WES analysis. In contrast, the metastatic
lesions from the second resection 10 years later showed along shared
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trajectory and close genetic concordance (Fig. 3d,e). In accordance
withthe WES results, poly(G) analysis conclusively showed that tumor
TS5 from the original resection was the source of metastatic disease.
To enable a quantitative comparison of the genetic relatedness
between any pair of tumors from the same patient, we calculated Pear-
son’s correlation coefficients among the tumors’ poly(G) genotypes
(Supplementary Table 7). The correlation coefficient estimates the
fraction of cell divisions in the history of two tumors that they have
spentas part of the same lineage*'. Crucially, this estimation does not
depend on knowledge of the underlying mutation rate or purity of
the tumors, thereby providing an unbiased view of their evolutionary
history. Thus, tumor samples that share a large fraction of their evo-
lutionary history (such as metastases) show high correlations (Fig. 3f,
left panel T5 and T12), whereas tumors that share limited evolution-
ary history display low correlations (Fig. 3f, right panel T5and T2). To
determinethe evolutionary history that two unrelated tumors would be
expectedtoshare by chance, we calculated the correlation between all
tumor pairs from different patients (Fig. 3g, unrelated group). Indeed,
the average correlation between known unrelated tumors was 0.02
(95th percentile = 0.46) (Fig. 3g, dotted line). The genetically related
tumors from patient 3, identified as metastatic by abundant shared
exonic mutations, displayed a correlation of 0.53 (>95th percentile
for unrelated tumors) (Fig. 3g, arrow). These tumors thus underwent
an expected fraction of 53% of their cell divisions as part of the same
lineage, consistent with the large number of shared exonic mutations.
Poly(G) analysis of patients 7-10, with potential mosaically
derived, multiple primary tumors, supports the notion that the lin-
eages giving rise to these cancers diverged relatively early in time
(Supplementary Table 7). On average, the tumorsin these patients are
less closely related than bona fide metastases, but they share alonger
developmental history than completely independent tumors. We
calculate that the lineages giving rise to these tumors underwent, on
average, 44% of their cell divisions together before separating, com-
pared with 80% for metastases and 0% for unrelated tumors (Fig. 3g).
Remarkably, three of the four patients with potential mosaically
derived primaries had tumors located in contralateral lungs and one
had tumorslocated in two different lobes of the same lung (Extended
Data Fig. 1a), yet histopathological analysis in all 4 patients shows
only 4 of 14 tumors to be invasive adenocarcinomas, with the other 9
lesions being minimally invasive (Supplementary Table 1). Thus, both
genetic data and histopathology suggest that metastasis is unlikely
to explain the appearance of multiple primary tumors in these cases.
Consistent with the sequencing and poly(G) lineage studies, the fact
that distinct tumors commonly arose in contralateral lungs suggests
that their divergence may have occurred early in lung development,

with their progeny seeding disparate regions of the adult organ. Taken
together, these analyses point to shared ancestry and early divergence,
consistent with developmental mosaicism.

Germline EGFR variants in multifocal lung cancer

In two other cases with apparently sporadic multiple primary
EGFR-mutant tumors, we identified uncommon heterozygous germline
EGFRvariantsinnormal lungtissue. The lung tumors showed the same
heterozygous mutation, along with a second, somatically acquired
canonical EGFR mutation. In these two cases, the germline EGFR vari-
ants are within critical functional domains of the protein: patient 4
has a G873E mutation within the tyrosine kinase domain (exon 21) and
patient 5hasaH988P mutation within the dimerization domain of EGFR
(exon 25) (Fig. 4a). Both of these patients had bilateral synchronous
lesions at presentation (Fig. 4b). WES identified no shared somatic
mutations outside of the EGFR gene, indicating independent primary
tumors arising in the setting of potential genetic predisposition,
analogous to the first six tumors characterized in index patient I1I-1
from the prototype T790M-EGFR family (Supplementary Table 2 and
Fig. 4c). When present in the germline, T790M-EGFR is a weakly acti-
vatingallele and lung cancers show somatic acquisition of a canonical
EGFR activating mutation in cis with the germline allele, resulting in a
strongly activating protein with both mutated residues®?. In patient
4, the secondary canonical mutation L858R was also found in cis with
the germline allele in all three tumors; patient 5 also had secondary
canonical mutations (L858R, exon19 delE746-A750, R108G), but, given
the position of the relative mutations, the length of sequencing reads
precluded determination of whether the heterozygous secondary
mutationarosein cisorintranswith the heterozygous germline allele
(Extended Data Fig. 3a and Supplementary Tables1and 2).

The EGFR mutation H988P has been previously identified as a
variant of unknown significance*’. Of note, patient 5had African ances-
try and this variant appears to be relatively common in the African
ancestry population (2.4% prevalence), compared with the white
population (<0.1%)*. To further explore the population effects of
this variant, we examined the allele frequency in TCGA tumors from
patients with African ancestry. We observed a two-to threefold higher
prevalence of the germline variant in cancer compared with the fre-
quency reported in gnomAD (general population excluding cancer
patients). In addition, many of these patients had EGFR amplifica-
tions, evenin cancers that are not typically driven by EGFR. The exist-
ing detailed molecular analyses of EGFR-mutant lung cancers in the
African population are insufficient to provide insight as to potentially
increased cancer risk that may be associated with this allele, which
is classified as ‘likely benign’ in Clinvar*’. We undertook functional

Fig. 3 | Developmental mosaicism is demonstrated by mutated normal

lung cells and early common ancestors. a, Detection of the L858R EGFR
mutationusing ddPCR in cases where the tumor harbors the L858R mutation
(patients (Pt) 8-10) compared with cases where the tumor contains another
EGFR mutation (negative control (Neg. ctrl), patients 1and 7). The VAF for
tumorsis on the left y axis whereas the lower VAF in normal samplesis on the
righty axis (n =2 tumor and 11 normal samples (independent microdissection
regions) for patient 8; 4 tumor and 8 normal samples for patient 9;12 tumor

and 9 normal samples for patient 10; 3 tumor and 6 normal samples for patient
1;and 2 tumor and 9 normal samples for patient 7). b, A schematic showing the
relationship between divergence from zygote and divergence between tumors.
¢, Schematic of poly(G) genotype analysis method, based on ref. 38. Samples
collected from asingle patient have poly(G) sites that may have undergone
slippage due to hypermutability. The assay detects these indels and measures
their mean length change compared with normal tissue. The correlation between
the two tumors across all poly(G) sites is represented by Pearson’s correlation
coefficient (r).d, Heatmap showing the mean distance from normal lung for each
poly(G) hypermutable region, for each tumor from patient IlI-1. Tumors that
have similar patterns are more closely related than tumors that have different

patterns. e, Phylogenetic tree of patient Ill-1based on the poly(G) analysis.

The treeisrooted at the germline sample: i shows only samples from the first
resection and ii samples from the second resection plus recurring sample T5.

f, Correlation plots between tumors from patient IlI-1. The dots represent the
mean length from normal at each poly(G) location (n =26 poly(G) loci). Ther
estimates what fraction of cell divisions were shared between the tumor pair
before divergence. The gray shading represents the 95% Cl. g, Poly(G) relatedness
between tumor pairs. Each point represents the poly(G) evolutionary distance
between two tumors from cases that are unrelated (different individuals),
mosaic or metastatic (classification based on WES analysis of exonic mutations).
The dotted line represents that correlation coefficient >95% of the unrelated
tumor pairs. Boxplot elements: center line, median; box limits, lower and upper
quartiles; whiskers, lowest and highest value within 1.5 the IQR. Pvalues are a
Holm-Bonferroni-corrected, post-hoc Dunn’s test after a significant Kruskal—
Wallis test. The arrow is the tumor pair from metastatic patient 3. NS, Not
significant. (n =443 interpatient tumor pair comparisons across eight patients
for the unrelated analysis; n = 7 intrapatient tumor pair comparisons within

four mosaic patients for the mosaic analysis; and n = 29 intrapatient tumor pair
comparisons within two metastatic patients for the metastatic analysis).
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reconstruction experiments of H988P-E£GFR using standard signal-
ing assays in mouse NIH/3T3 cells which do not express endogenous
protein. Compared with wild-type (WT) EGFR, the H988P mutant
shows modestly increased phosphorylation under unstimulated con-
ditions, a measure of baseline receptor signaling activity, together
withenhanced downstream signaling of its key mediator AKT serine/
threonine kinase (Fig. 4d-g). H988P-EGFR-transfected NIH/3T3 cells
also generate more colonies in soft agar, a prototype cell transfor-
mation assay (Fig. 4h,i). The second germline EGFR variant, G873E,

has been reported as a somatic mutation and shown to play a role
in resistance to gefitinib®>***~*¢, By itself, we find that it has modest
activating capacity, but it is synergistic when combined in cis with
the canonical L858R mutation (Fig. 4h,j—n). Importantly, all tumors
from patient 4 had an L858R mutation in cis with the germline G873E
mutation (Extended Data Fig. 3a). Thus, like the established familial
T790M mutation, both H988P and G873E appear to have an attenuated
proliferative effect that may be tolerated in the germline without com-
promising normal embryonic development. However, determining
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any clinically important cancer risk associated with these inherited
alleles will require epidemiological studies.

Two other cases arising in minimal smokers harbored tumors that
were genetically independent. In one case, patient 6, we identified a
germline EGFR S1060A mutation, residing within the alternative splic-
ing variant EGFR-vA, whichis expressed at low levels in normal tissues
(Extended Data Fig. 3b). The EGFR-vA isoform has been reported as
potentially oncogenic in gliomas*, but we were unable to confirm
aberrant EGFR signaling associated with SI060A, making it a variant of
unknown significance. Inthe other case, patient 1, we did not identify
acandidate functional germline mutation that might explain theinde-
pendent somatic genetic origin of these tumors (Extended DataFig.3c).

In the remaining two cases with multiple EGFR-mutant tumors
(patients 2 and 3), molecular analysis indicated a metastatic relation-
shipbetween theindividual lesions. Inboth patients, recurrent disease
was considered among the clinical possibilities at the time of resection.
Inthese cases, WES and phylogenetic reconstruction showed that many
mutations were shared across all tumors (16 and 37 shared mutations
in patients 2 and 3, respectively, representing an average of 53.7% of
all exonic mutations within a tumor (range from 46.0% to 61.3% per
tumor)) (Fig. 5 and Supplementary Tables 2 and 4). This is consistent
with the published range of 50-80% clonal mutations between two
samples of the same tumor and with our findings in the T790M fam-
ily"”. Both cases subsequently had clinically recurrent cancer within
3yearsof surgery.

Discussion

We have shown that multiple primary EGFR-mutant lung cancers may
arise from canonical activating EGFR mutations thatare acquired early
in development, leading to mosaicism for this driver mutation in the
adult lung (Fig. 6). The multiple primary tumors that emerge in this
setting share identical somatic canonical EGFR mutations along with
mutationsinother genes (0.4-4.0% of all exonic mutations), confirming
their shared clonal origin. Poly(G) lineage analysis indicates that such
mosaically derived tumors display common ancestry that is interme-
diate between the short shared lineage seen in independent tumors
with germline predisposition and the longer shared lineage displayed
by metastatic tumors. Other established causes of multiple primary
EGFR-mutant tumors include an attenuated germline variantin the
EGFR gene, as first demonstrated for the T790M allele”. The multiple
primary tumors arising in the setting of germline predisposition share
no somatic mutations, other than primary germline and secondary
somatic EGFR mutations, and poly(G) analysis shows a limited shared
evolutionary history among them. However, the possible lung cancer
risk attributable to the candidate variants described in the present
study needs to be determined using epidemiological studies. Such
studies have limited power for rare germline variants, but the H988P
allele hasarelatively high prevalence in the African population, making

itall the more important, given its possible clinical implication. Epi-
demiological analyses of germline H988P allele prevalence among
EGFR-mutant lung cancersinthe African American population should
beundertaken, and the allele should be considered as having uncertain
clinical relevance until then. Finally, metastatic lesions are also readily
distinguished from mosaically derived primary tumors by their much
higher fraction of shared mutations among them and with their primary
tumor of origin (46.0-61.3% of all exonic mutations). Thus, the appear-
ance of multiple primary EGFR-mutant tumors is biologically distinct
from the metastatic spread of cancer and it may result from aninitiating
EGFR mutation, either in the germline or during early development.

The presence of multiple distinct primary EGFR-mutant cancers
atthetime of clinical presentation has long represented aconundrum.
Two common hypotheses include intrapulmonary metastasis and field
cancerization. Lung cancer metastasis characteristically presents with
disseminated disease, but it may also arise through intrapulmonary
lymphatic spread within adjacent regions of the lung. Local spread
through air spaces has alsobeenreported, particularly insome tumors
with micropapillary and/or solid histology*®. The detection of shared
mutations between anatomically distinct primary lung tumors has
made intrapulmonary spread the lead model to explain the presence
of multiple primary tumors at presentation. Challenging this model of
localized metastasis, however, is the fact that many lesions in patients
with multiple primaries are histologically classified as preinvasive and
even preneoplastic. Furthermore, their anatomical locations may
include different lobes or contralateral lungs, which are probably
beyondthereachoflocalized lymphatic or airspace spread. Inthe cases
reportedinthe presentstudy, we did observe two cases with metastatic
disease, as suspected clinically and confirmed by their largely shared
mutational composition. However, the four cases in which anatomi-
cally distinct primaries contain anumber of shared somatic mutations
comprising only asmallfraction of the total exonic mutational burden
areinconsistent with intrapulmonary metastasis.

The second common hypothesis, ‘field cancerization’,isa phenom-
enonwhereby the entire tissue is damaged by carcinogenic exposure,
leading to multiple independent and genetically unrelated tumors.
It is most frequently applied to cases with a heavy smoking history,
although exposures owing to environmental radon and occupational
exposures have alsobeen considered. Recent studiesinbarrier organs,
including skin, esophagus and lung, have indicated that, as they age,
histologically normal tissues may acquire canonically oncogenic muta-
tions that give rise to small patches of clonal expansion, but without evi-
dence of frank malignancy®°**>*, In the lung, deep sequencing reveals
thatup to18% of normal samples have a detectable mutant EGFR allele
and even more cases harbor KRAS and other mutated oncogenes®.
The high prevalence of normal lung specimens with rare detectable
EGFR-mutant alleles as aresult of field cancerization does not explain
the occurrence of the multiple EGFR-mutant primary tumors described

Fig. 4| Germline H988P and G873E mutations increase EGFR activity.

a, Position of the relevant residues within a partial EGFR protein crystal structure
(aligned PDB structures EGFR 696-1022 T790M (5gty) and EGFR 703-985 (4zjv)).
The dimerization domain is green and the catalytic tyrosine kinase domain blue.
b, Schematic of tumor locations in patients 4 and 5. ¢, Lineage tracing of patient
4 and 5tumors, derived from WES. Numbers on branches are mutations that
accumulated between two nodes, which represent distinct clones identified

by WES. Numbers in parentheses are exonic mutations that are not in the FFPE
context. d-g,j-m, Functional effect of the H988P-EGFR mutant (d-g) or G873E
mutant (j-m), compared with the WT construct. d,e jand k are westernblots and
f.g,1and m are quantifications of the blots immediately above. The pY845 was
normalized to vinculin, then total EGFR and finally to the average signal within
an experiment for comparison across experiments. phos, phosphorylation.

OE, overexpression. EGFR and pY845 are both rabbit antibodies and were run

on different blots (processed in parallel), each with their own vinculin loading

control, which was used for quantification. A representative vinculin blot is
showninthe figure. The pS473 was normalized to a vinculin sample processing
control from amatched EGFR blot, then to the average signal withinan
experiment. AKT and pS473 are both rabbit antibodies and were run on different
blots (processed in parallel). Images vertically sliced to juxtapose nonadjacent
lanes were run on the same gel (n =10 biologically independent samples per
figure). Data are presented as mean values + s.e.m. A two-way ANOVA was
performed to determine statistical significance and false recovery rate (FDR)
g-values were corrected for multiple comparisons using the Benjamini, Krieger
and Yekutieli procedure. h,i,n, Representative images of colony formation by
NIH/3T3 cells in soft agar in cells expressing WT or mutant EGFR constructs
(h).Scalebars, 100 um. This experiment was repeated 3x with similar results,
as quantified iniand n. Quantification data of colonies at least 20 pmin size is
presented as mean values + s.e.m. Pvalues are a one-tailed, unpaired Student’s
t-test not corrected for multiple comparisons.
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Fig. 5| Lineage tracing of metastatic cancers. Phylogenetic trees from WES of
two patients with metastatic cancer. The shared EGFR mutation is annotated on
the tree. Numbers on branches are mutations that accumulated between two
nodes. Numbers in parentheses are exonic mutations that are notin the FFPE
context. These trees show a long trunk of shared mutations before branching into
separate clones. Consistently, the pie charts are made up of mixtures of clones
that are shared between tumors.

inthe present study, because they would be genetically independent,
lacking the multiple shared mutations that define the developmental,
mosaically derived primaries.

Our study hypothesizes that a canonical and fully activating
EGFR mutation may arise early during lung development, creating a
mosaic of lung epithelial cells harboring this mutation and distributed
across the adult organ. Our analysis of poly(G) repeatsin such tumors
suggests that EGFR mutations may occur before cells have undergone
half of the divisions on their way to tumor initiation. Although nor-
mal tissues other than lung were not available for our retrospective
cohort, we were able to show the presence of alow frequency of EGFR
mutations in normal lung tissues, only in the patients with multiple
primaries whose tumors had the corresponding EGFR mutation.
Unlike mutant EGFR alleles in the context of field cancerization,
which represent random independent genetic events, these EGFR
mutations within normal tissues may result from early developmental

Shared somatic
mutations (WES)

Diagnosis

E O mutations
a € (0%)
8 n=2
® 1-4 mutations
b s (1.6%; 0.4-4.0%)
§ n=4

16-37 mutations
(53.7%; 46.0-61.3%)
n=2

0
Metastatic

Cell divisions to
[«—>] most recent
common ancestor

Fig. 6| Genetic distinctions between multiple lung cancers with inherited,
mosaic and metastatic origin. Schematic representation of three distinct
mechanisms underlying multiple EGFR-mutant lung tumors. The average
percentage of somatic mutations shared among different tumorsis shown on
theright (range in parentheses). a, In cases with inheritance of an attenuated
mutant EGFR allele (either familial or apparent sporadic), the mutation
presenting in the germline (lightning bolt) is shared by all somatic tissues.

A second canonical EGFR mutation arises somatically at high frequencyin
predisposed lung cells, leading to multiple tumors with no shared somatic
mutations. The evolutionary distance to the most common shared ancestor
between different tumors (arrow) extends to the germline; O nongermline
mutations are shared between tumors. b, Cases with mosaic predisposition
arising from acquisition of an EGFR mutation during development (lightning
bolt). This timing determines the proportion of normal cells containing the
variantallele and the likelihood of developing multiple tumors. In addition to
the activating EGFR mutation, a small number of additional somatic genetic
variants are shared before the mosaic tissues diverge and acquire independent
tumor-associated mutations. ¢, In sporadic cancers without genetic
susceptibility, a single EGFR mutation arises in a somatic lung epithelial cell
(lightning bolt), generating a single tumor. Metastases from this tumor share
extensive mutational profiles and the most recent common ancestor for these
multiple tumors is the primary tumor. n, number of analyzed cases in cohort.

mosaicism, ultimately giving rise to anatomically disparate tumors
that also share multiple passenger mutations, consistent with their
common clonal origin. The mechanism by which EGFR-mutant lung
epithelial cells generate premalignant and ultimately invasive cancers
isunknown, but recent epidemiological and mouse modeling studies
indicate that inflammation associated with air pollution enhances
the likelihood that an EGFR-mutant cell will give rise to a malignant
tumor?®. In this context, the high frequency of mutant EGFR allele
detectioninnormallungisin marked contrastto their virtual absence
(<0.1%) in normal skin®, raising the possibility that EGF signaling
mediates distinct proliferative effects in the lung, thereby contrib-
uting to the persistence of mosaically derived progeny during early
lung development.

The concept of mosaicism in human genetics is best illustrated
by neurofibromatosis type 1 (NF1), where up to 5% of patients have
segmental café-au-lait spots, attributable to a mutation in the NF1
gene that arose during embryonic development and affects only a
portion of the adult body***". In the brain, postzygotic mosaicism
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affecting Ras/Raf/MAPK signaling may play a role in the pathogen-
esis of mesial temporal lobe epilepsy*>. In cancer, the concept of a
clonally derived origin for multifocal sporadic cancers was first pro-
posed based on X-chromosome inactivation studies in bladder
cancer®®. Mosaic-inactivating mutations have been reported in
tumor-suppressor genes linked to high-risk cancer predisposition syn-
dromes, including Li-Fraumeni and von Hippel-Lindau syndromes®.
In the pediatric kidney cancer Wilms’ tumor, geographically distinct
precursor lesions, called nephrogenic rests, share mutations with
each other and with geographically distinct tumors, consistent with
mutations arising during early renal organogenesis®*°. Although
developmental mosaicism has not been reported as acommon event
in epithelial cancers affecting adults, one case report described the
incidental discovery at autopsy of multiple precancerous lung lesions,
all sharing an identical somatic 7P53 mutation, raising the possibility
of amosaic mechanism®’. Estimating the population-level prevalence
of developmental mosaicisminthe lung will require follow-up studies
using larger, multicenter, prospective patient cohorts.

The second genetic mechanism that we describe underlying multi-
ple EGFR-mutant primary lung cancers extends the observation of rare
familial lung cancer to cases without such pedigrees. As with familial
transmission of a germline T790M-EGFR allele, the germline EGFR
variants identified in the present study encode mutant proteins with
modestly increased enzymatic activity, suggesting that, unlike strongly
activating mutants, they are not deleterious during normal embryonic
development. They may, however, be sufficient toincrease the size of
target cell populations within the lung, which undergo tumorigenesis
after sustaining a second, more strongly activating EGFR mutation.
To date, clinical sequencing efforts of EGFR in NSCLC have identified
approximately 500 somatic variants of unknown significance, a small
subset of which have beenidentified in the germline (ClinVar and gno-
mAD)****%, Further studies will be required to determine how many
additional EGFR variants have subtly enhanced signaling properties
when presentin the germline, potentially linked to increased tumori-
genesis and their penetrance.

Finally, we note that understanding the etiology of multiple
EGFR-mutant tumors with synchronous presentation may impact
clinical treatment strategies, particularly for light/never smok-
ers. Management of independent primary tumors includes lung
parenchyma-sparing resections with curative intent. Mosaically
derived tumors should not be confused with metastatic disease, despite
the presence of some shared mutations. Moreover, when caused by
eitheragermline EGFR variant or developmental mosaicism, patients
presenting with multiple EGFR-mutant primary tumors are probably at
risk of developing additional tumors during their lifetime, suggesting
the importance of ongoing surveillance and raising consideration of
new prophylaxis strategies.

Methods

Ethics statement

Two protocols were used for the present study, both reviewed and
approved by the Dana Farber/Harvard Cancer Center (DF/HCC) Insti-
tutional Review Board, which oversees clinical cancer protocols for
all Harvard institutions including MGH. For the tumor blocks from
sporadiclung cancer cases, the approved protocol DF/HCC no.13-416
includes permission for molecular analysis, privacy of results and
publication of deidentified results. For the T790M familial pedigree,
the cases wereinitially collected under protocol DF/HCC no. 94-138 at
the time of the initial publication®® and reconsented under protocol
DF/HCC no. 13-416 for the present study. Under both protocols, all
participants provided written informed consent for collection of tumor
and tissue specimens and clinical information for inclusioninatissue
repository for future research, including DNA and RNA sequencing,
except where noted, and written informed consent for sharing of clini-
calinformationin deidentified publications.

Patients

Ten patients were selected retrospectively from aninstitutional data-
base as having undergone resection for two or more early stage lung
cancers, with at least one lesion having a known EGFR mutation by
next-generation sequencing analysis. These patients gave informed
consent for their biological materials to be included in this database.
These tumors were classified as early stage by the reviewing pathologist
atthe time, even though our genetic analysis suggests that two of the
patients had metastatically related tumors. No patients had received
systemic treatment for cancer preoperatively. Clinical histories were
extensively reviewed (see Table 1and Supplementary Table 1for sum-
mary of patient and tumor characteristics). Patient genetic ancestry
wasinferred fromelectronic health records. Gender was self-reported
and was not considered in the study design or analysis because we were
too limited in our sample availability to stratify based on gender. An
additional two patients with aknown inherited EGFR T790M mutation
were included for proof of concept.

Specimen collection and histopathology

Sections from the entire tumor and representative lung parenchyma
distinct from the tumor were fixed in formalin and embedded in par-
affin. Histopathological slides were made from the FFPE sections
and retrospectively reviewed by a single observer, expert pulmonary
pathologist (M.M.K.), who histologically classified and staged indi-
vidual tumorsinaccordance with the World Health Organization classi-
fication of lung tumors®® and the 8th edition Americanjoint Committee
on Cancer lung cancer staging guidelines®, respectively. The areas
of highest tumor purity and histologically normal lung tissue were
alsoselected.

TNA extraction protocol

Total nucleic acid (TNA) was extracted from designated tumor and
normal lung tissue from each patient using the standard protocol
of Agencourt Formapure kit (Supplementary Table 1). The approxi-
mate location of the normal samples relative to the tumors is shown
in Extended Data Fig. 1a.

Whole-exome sequencing

Before WES, a standardized PicoGreen dsDNA Quantitation Reagent
test (Invitrogen) was used to quantify DNA in triplicate. The Fluidigm
Genotyping fingerprint genotyping of 95 frequent SNPs was used for
the quality control identification check (Fluidigm). Using the KAPA
Library Prep kit and palindromic forked adapters from Integrated DNA
Technologies, libraries were constructed from double-stranded (ds)
DNA. Before hybridization, libraries were combined. Utilizing a37-Mb
target, hybridization and capture were carried out using the essential
components of [llumina’s Rapid Capture Enrichment Kit. On the Agi-
lent Bravo liquid handling system, the library building, hybridization
and capture processes were all fully automated. Library pools were
denatured onthe Hamilton Starlet using 0.1 N NaOH after post-capture
enrichment. DNA libraries were cluster amplified using HiSeq 4000
exclusion amplification reagents and HiSeq 4000 flowcellsinaccord-
ance with the manufacturer’s (Illumina) instructions. HiSeq 4000
flowcells were sequenced using sequencing-by-synthesis chemistry.
RTA (v.2.7.3) or later was then used to examine the flowcells. Sequencing
of each pool of entire exome libraries was done using paired 76-cycle
runs with two 8-cycleindex reads across the number of lanes required
to provide coverage for all libraries in the pool.

Sequence data were analyzed using the Broad Institute’s Cancer
Genome Analysis WES Characterization Pipeline, in which aligned BAM
files were inputted into a standardized WES, somatic, variant-calling
pipeline as previously described®, whichincluded MuTect (v.1.1.6) for
calling somatic single nucleotide variants (sSNVs), Strelka2 (v.2.9.9)
for calling smallindels, deTiN (v.2.0.1) for estimating tumor-in-normal
(TiN) contamination, ContEst (v.1.4-437-g6b8a9%el; GATK v.3.7.0) for
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estimating cross-patient contamination, AllelicCapSeg (v.22) for calling
alleliccopy number variantsand ABSOLUTE (v.1.5) for estimating tumor
purity, ploidy, cancer cell fractions and absolute allelic copy number.
Artifactual variants were filtered out using a token panel-of-normals
(PoN) filter, ablat filter, an OxoG filter and an FFPE filter.

Filtering formalin fixation (FFPE) and other potential artifacts
FFPE and OxoG artifacts, which are developed with inherent lead
strand asymmetry (orientation bias) owing to context specificity of
the mutational processes, were filtered as previously described®*2. In
brief, OxoGis anartifact signature resulting from oxidative damage to
guanine duringlibrary preparation, which causes guanine to pair with
adenineinstead of cytosine, ultimately causing an observed G>T muta-
tion. These artifacts will occur only on one strand whereas a somatic
event will show the change onboth strands of DNA, and this orientation
bias is used to distinguish real events from artifacts. The cohort also
had ssingle nucleotide artifacts resulting from the use of FFPE samples,
wherein formaldehyde causes deamination of cytosine resulting in
C>T mutations similar to those of the aging signature, but with the
same orientation bias observed in OxoG events, allowing us to use the
same algorithm for determining orientation bias that has previously
been used on FFPE samples®. Given the importance of this issue for
mosaicism and tumor relatedness analysis, we have performed addi-
tional filtering, in which we have ‘force called’ the identified mutations
across tumors and normals in the cohort. Force calling is the process
of gathering the evidence for a mutation at a particular genomic site
(that is, determining the number of mutated and WT-independent
sequencingreads that cover thessite). Instandard WES depth, three or
more mutated reads in the tumor and nonein the normal are required
to detect a somatic mutation at a non-noisy site. However, FFPE can
dramatically increase the noise at particular sites, henceitisimportant
to assess the number of mutated readsin other FFPE samples (normal
or tumor) that do not have a somatic mutation at the site. We indeed
found that some mutations in the FFPE context do appear at noisy sites
whicharealso presentin other cases, although typically at much lower
allele counts. Accordingly, we applied additional conservative filter-
ing to remove any mutations seen in more than two patients or more
than two counts in the normal samples not associated with a mutated
tumor. Inthetree figures, we annotated both the total number of muta-
tions per clone and the number of mutations that were notin the FFPE
context,and thereis acolumninSupplementary Table 2 stating which
mutations are in the FFPE context.

PoN filtering

Toremove sequencingartifacts and frequent germline events, SNVsand
indels were filtered using PoNs which includes 8,334 WES normals®.
Briefly, the panelincludes eight values for each site, which describe the
percentage of normals, different modes of artifact and the likelihood
thatthe eventisagermline eventat thatsite.

Phylogenetic analysis and subclonal architecture inference

The cancer cell fraction (CCF, represented as a probability density dis-
tribution € [0,1]) of individual somatic alterations is estimated using
the ABSOLUTE®* algorithm (v.1.5) which calculates the sample purity,
ploidy and local absolute DNA copy number of each mutation. This
CCF distribution represents independent estimates for each somatic
event. As multiple somatic events are expected to originate from the
same subclone, that is, sharing the same proportion of cancer cells, a
clustering algorithm is employed to estimate these proportions and
assign events to each of the subpopulations. PhylogicNDT®® (v.1.0) is
abletoidentify individual clusters even when the number of mutations
per cluster is small. PhylogicNDT performs phylogenetic, tree-building
and clustering analysis. In brief, the PhylogicNDT Clustering module
employs amultidimensional nonparametric Dirichlet process (DP) on
the raw CCF probability density distributions of the somatic variantsto

learnthe underlying clonal structure from the data. The DPisbased on
theapproachwhere the DP mixing parameter, a, is sampled and learned
via a Markov Chain Monte Carlo (MCMC) method from the data. The
starting assumption of the method is that the posterior CCF distribu-
tions are drawn from amixture of multidimensional distributions with
anunknown number of clusters. In this approach, we employ asingle,
weak prior on @ parameterized by a negative binomial distribution
over the number of clusters k (default priorisshape =3 and scale = 3).
Itis worth noting that this prior has a minimal effect on the resulting
number of clusters. The algorithmis designed as a Gibbs sampler where
individual mutations are consecutively assigned to the available clus-
ters through a multinomial distribution representing the likelihood of
the mutation belongingto the cluster based on the n-dimensional dis-
tribution of the cluster CCF position (whichis re-estimated after each
assignment). At each iteration, there is a probability that the cluster
will notretain any mutations and thus will be closed, or thatamutation
would open anew cluster. ais re-sampled on each DP iteration from a
mixture model that depends on N, the y shape and scale parameters,
specified prior for kand the current k. Sampling with such anapproach
allows the mixing parameter to be learned from the data, rather than
requiring its specification upfront. As the number of clusters change
throughthe process, a changes accordingly, contributing to the conver-
gence of the method. After completion of the DP-MCMC, the ‘burn-in’
iterations are discarded (first half of the MCMC chain) and the posterior
N-dimensional CCF distribution of every mutationis estimated based
onthe average of the CCF distributions along the MCMC chain. The DP
also provides a posterior distribution on the total number of clusters.
Whenever afixed number of clusters was required, we selected the least
complexlikely solution (that s, the lowest number with>10% posterior
probability). According to that posterior, the somatic events are then
assigned to subclonal cell populations via applying a hierarchical clus-
tering algorithm on their N-dimensional posterior CCF distributions,
to obtain the CCF distribution of each cluster. Finally, the probability
that a mutation belongs to a particular cluster is calculated based on
the normalized product ofthe MCMC CCF distributions associated with
the mutationand the posterior CCF distribution of the specific cluster.
This uncertainty in cluster membership is later used in constructing
the ensemble of phylogenetic trees. Clusters are usually based on >10
mutations, but, if the clusters are minor (for example, based ononly a
fewshared events) and their CCF patternis very distinct across samples,
thena cluster can be formed based on only afew mutations if the CCF
confidenceintervals (Cls) are defined®’.

Construction of phylogenetic trees

The BuildTree component of PhylogicNDT uses the generated poste-
rior distributions on cluster positions and mutation membership to
calculate the ensemble of possible trees that support the phylogenetic
relationship of the detected cell populations. This algorithm employs
anMCMC Gibbs sampler over the branch positions within the tree and
parent-child relationships among clones. In eachiteration, asubclone
canmovetoaplaceinthetree according to amultinomial probability
calculated based on the pigeon-hole rule (that is, the sum of CCFs of
sibling clones cannot exceed the CCF of the parent clone), accounting
for the uncertainty in assignment of mutations to subclones. The likeli-
hood of the entire tree is determined by multiplying the pigeon-hole
probabilities for all nodes in the tree (that is, parent-children rela-
tionships). In each MCMC iteration, the tree likelihoods are used to
draw the new location of a single clone. In addition, all mutations are
randomly assigned to clones based on the match between their CCF
distributionand the clones’ CCF distributions, which are then updated
based onthe assignment of mutations. This mutation shuffling ensures
that the uncertainty in the tree structure also takes into account the
uncertainty in mutation assignment. Finally, the MCMC generates a
posterior distribution over the possible trees (thatis, a‘forest’ of trees).
Clusters with <10% CCF across all analyzed samples from the patient
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were excluded from the tree. Tumors with <10% purity were excluded
from detailed phylogeny analysis.

Construction of phylogenetic tree diagrams

Phylogenetic tree diagrams throughout the paper are designed in
the following way: theoretical cell populations are circles and clones
derived from the WES are squares. Any germline EGFR mutation found
in normal lung tissue is denoted at the top. Branches are configured
based onshared and distinct mutations in each clone. Numbers within
lineage tracings represent the number of new additional exonic muta-
tions identified in each clone. Numbers in parentheses are exonic
mutations that are not in the FFPE context. Additional driver muta-
tions found in tumors are also annotated, including any somatically
acquired EGFR mutations, with the clones where they were identified
ingray boxes. We cannot determine whether clones that share aboxed
EGFRmutation developed independently or fromashared precursor.
Resected tumors are assigned to clones based on their majority popu-
lationinthe layered pie charts shown below the tree. Pie charts below
the tree indicate clonal representation within each resected tumor.

Mutational signature analysis

Mutational signatures were determined using SignatureAnalyzer
(v.3ddba7a)®". SignatureAnalyzer is a Bayesian NMF (BayesNMF)
method that probabilistically infers the number of signatures, K,
through the automatic relevance determination technique and returns
highly interpretable and sparse representations for both underlying
mutational signature profiles and patient attributions that strike a
balance between datafitting and model complexity. We ran BayesNMF
10,000x using the graphics processing unit implementation with
exponential priors for the signature matrixW and activity matrix H
and displayed the solution with the maximum posterior®®. Finally, we
compared theidentified signatures with thosein COSMIC (v.3.2) based
on cosine similarity.

Poly(G) genotype data preprocessing

Generationand analysis of repeat (poly(G)) genotypes were performed
as previously described® . Briefly, 33 poly(G) loci were PCR amplified
using primers targeting their flanking sequences. Primer sequences
can be found in Naxerova et al.?. All reactions were run in duplicate.
PCR product length was measured using an ABI 3730xI DNA Analyzer
and exported as tab-delimited text files through the Thermo Fisher
Scientific Microsatellite Analysis Tool (https://www.thermofisher.com/
us/en/home/cloud/all-analysis-modules/sanger-analysis-modules.
html). Reactions with intensities <10% of the average intensity for that
patient and locus were excluded. If the length distributions of both
duplicates were similar (Jensen-Shannon divergence <0.11), the dupli-
catewith higher fluorescence intensity was picked as the representative
replicate. At a larger discordance between length distributions, the
poly(G) tract was excluded from analysisin all samples of that patient.
More details on filtering and quality control of poly(G) genotypes are
provided in ref. 38. Source data for the poly(G) analysis are available
at https://github.com/mblohmer/polyG_egfr_Ic.

Poly(G) genotype data analysis

Amplification of microsatellites produces a characteristic fragment
stutter pattern as a result of polymerase slippage during PCR. The
mean fragment length at each locus, which represents the genotype
of the most recent common ancestor of all sampled cells®’, was used to
simplify this stutter patternto asingle value. Somatic shifts in poly(G)
length (mutations) are reported in relation to the normal (germline)
sample from each patient. To construct phylogenetic trees using
the mean length of poly(G) markers, distance matrices containing
all the samples from one patient were constructed using the Man-
hattan distance. This distance measures the sum of indels among all
poly(G) markers intwo samples, normalized by the number of poly(G)

markers analyzed. As the Manhattan distance simply counts the num-
ber of mutations, it scales linearly with the number of cell divisions
separating two samples*'. However, the Manhattan distanceis affected
by a sample’s purity because the presence of normal cells within a
tumor reduces the mean length. Based on the distance matrices, phy-
logenetic trees were constructed using the neighbor-joining method
implemented in the R package ape™. Evolutionary distance between
two tumors was estimated using Pearson’s correlation coefficient (r)
between the two vectors of poly(G) marker lengths, as described in
detailinref.41. Only patientsin which atleast half of all poly(G) markers
could be successfully amplified across all samples were considered for
this analysis. Samples were analyzed in two batches and only tumors
that were analyzed in the same batch were compared with each other.
Pearson’s correlation coefficient estimates the fraction of cell divi-
sions in the history of two tumors that they have spent as part of the
same lineage. A correlation of O means the lineages giving rise to two
tumors split at the zygote stage and that they share 0% of their cell
divisions, whereas a correlation of 1 means that the tumors’ lineages
coincide and they share100% of their cell divisions. Pearson’s correla-
tion coefficient compares only the direction of mutations, not their
magnitude, thusits estimation of evolutionary distance is not affected
by purity and mutation rate. To assess the expected correlation value
oftwo unrelated tumors, the distribution of rwas calculated based on
tumors from different patients, across all possible tumor pairs in this
cohort, in which at least 15 of the same poly(G) loci were successfully
amplified in both samples. Cls for the correlation of poly(guanine)
mean lengths were calculated by resampling the poly(G) repeats that
were used to calculateit1,000x with replacement and using the 2.5th
to 97.5th percentiles of the results.

Celllines

The mouse NIH/3T3 cells were from the American Type Culture col-
lection (cat. no. CRL-1658) and the human NCI-H2228 lung adenocar-
cinoma cells were a gift from A. Hata (MGH).

EGFR-mutant construct

The WT EGFR expression plasmid pHAGE-EGFR was a gift from G.
Mills and K. Scott (Addgene plasmid no. 116731)”". EGFR-mutant con-
structs containing patient-specific DNA mutations were generated by
site-directed mutagenesis (Agilent QuikChange Il XL) and confirmed
by Sanger sequencing. Overall expression of ectopic EGFR constructs
was approximately tenfold higher thanthe level of endogenous expres-
sion in human NIC-H2228 cells, a lung cancer cell line that expresses
moderate levels of EGFR. These constructs are available on request.

EGFRinvitro activity assay

EGFR signaling in mouse NIH/3T3 cells, which lack endogenous EGFR
expression, is measured under three culture conditions: baseline cul-
ture (10% serum), 24-h serum starvation (0% serum) and 5 min after
addition of EGF (100 ng ml™) to starved cultures. Western blotting for
EGFRautophosphorylation at Tyr845 and downstream AKT phospho-
rylation at Ser473 are used as markers of EGFR activation.

Western blot analysis

Cells were lysed with radioimmunoprecipitation assay buffer
(Sigma-Aldrich, cat.no.R0278) containing protease and phosphatase
inhibitors (Life Technologies, cat. nos. A32965 and A32957). Lysate
was cleared and western blotted according to standard protocols.
The following antibodies were used: EGFR (Cell Signaling Technolo-
gies, cat. no. 4267, 1:500 dilution in 5% bovine serum albumin (BSA)
in phosphate-buffered saline-Tween (PBST), imaged on LiCor); EGFR
pY845 (Cell Signaling Technologies, cat.no. 6963,1:500 dilutionin 5%
BSA in PBST, imaged on LiCor); AKT1/2 (Cell Signaling Technologies,
cat.no.9272,1:1,000 dilution in 5% milk in PBST, imaged on film); AKT
pS473 (Cell Signaling Technologies, cat. no. 4060, 1:500 dilution in
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5% milk in PBST, imaged on film); and vinculin (Sigma-Aldrich, cat.
no. MAB3574,1:2,000 dilution in 5% BSA in PBST, imaged on LiCor).
LiCor Image Studio software v.5.2.5 was used for LiCor western blot
quantification and ImageJ v.2.3.0 for film western blot quantification.

Transformation assays

For soft agar colony formation assays, NIH/3T3 cells stably expressing
RFP,WT EGFR or mutant EGFRwere suspended in Dulbecco’s modified
Eagle’s medium +10% fetal bovine serum containing 0.4% agarose with
no additional EGF for 3 weeks. Colony growth was assayed by staining
with 0.2% Crystal Violet in methanol for 10 min, followed by manual
counting using ImageJ v.2.3.0.

DdPCR analysis

DAPCR to detect EGFR L858R mutations was performed on TNA
extracted fromtissue slides. We used the commerecially validated probe
set for EGFR WT and p.L858R ¢.2573T>G (EGFR HEX and L858R FAM;
BioRad Assay, ID dHsaMDV2010021). Samples were prepared following
the standard protocol (BioRad). Briefly, 2x ddPCR Supermix for probes
(no dUTP) was combined with 20-400 ng of patient DNA, 1x primer/
probe mix and 5 U of Msel restriction enzyme (New England Biolabs).
After droplet generation, samples were thermocycled with an anneal-
ing/extension temperature of 55 °C. BioRad QuantaSoft Analysis Pro
software v.1.0 was used for droplet analysis and quantification. Vari-
antallele frequency was calculated as mutant copies per total copies.

Statistics and reproducibility

Nostatistical methods were used to predetermine sample sizes, but our
samplesizes are similar to those reported in previous publications>?.
Tumors with <10% purity were excluded from detailed phylogeny
analysis. Reactions with intensities <10% of the average intensity for
that patient and locus were excluded from poly(G) analysis. If the
length distributions of both duplicates were higher than Jensen-Shan-
nondivergence = 0.11, the poly(G) tract was excluded from analysisin
all samples of that patient. Patient 2 was excluded from our poly(G)
analysis because fewer than half the poly(G) tracts were successfully
amplified across all samples. Some samples evaluated by WES were not
assessed viaddPCR or poly(G) analysis because of low sample quantity.
No other data were excluded from the analysis. Randomization was
notapplicable to the present study because the patient samples were
retrospectively selected owing to a satisfying set of criteria (more than
one EGFR-mutant-resected lung tumor) and were not stratified into
treatment arms. The investigators were notblinded to allocation dur-
ing experiments and outcome assessment. A Kruskal-Wallis test and
post-hoc Dunn’s test with Holm-Bonferroni correction were used to
calculate the Pvalue betweengroupsinFig. 3g. This test did not assume
normality of the data. A two-way analysis of variance (ANOVA) with a
Benjamini, Krieger and Yekutieli correction was used to calculate the
g-valuebetween groupsin Fig.4d-k. A one-tailed, unpaired Student’s
t-test was used to calculate the Pvalue between groupsin Fig. 4m,n. The
Pvalue was not corrected for multiple comparisons. GraphPad Prism
v.9.2 and R v.4.1.2 were used for statistical analyses. Data distribution
inFig. 4 was assumed to be normal but this was not formally tested.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

WES datanot already available in the Supplementary Tables that sup-
port the findings of the present study have been deposited in dbGaP
under accession no. phs003379.v1.pl. Patient Ill-4 and patient 7 con-
sented to data sharing via direct transfer agreement, available on
request to D.A.H. (dhaber@mgh.harvard.edu). Requests will be pro-
cessed within2 weeks. Raw poly(G) genotypes are available on GitHub

at https://github.com/mblohmer/polyG_egfr Ic. Protein Data Bank
(PDB) datareferencedinthe present study are available at https://doi.
org/10.2210/pdb5GTY/pdb and https://doi.org/10.2210/pdb4Z)V/pdb
(refs.72,73). All other datasupporting the findings of the present study
are available from the corresponding author on reasonable request.
Source data are provided with this paper.

Code availability

The code used to analyze the poly(G) genotypesis available on GitHub
athttps://github.com/mblohmer/polyG_egfr_Ic. The code used to ana-
lyze the WES datais available at GitHub at https://github.com/getzlab.
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Data analysis Sequence data were analyzed using the Broad Institute’s Cancer Genome Analysis WES Characterization Pipeline. This included MuTect
(v.1.1.6) for calling somatic single nucleotide variants (sSNVs), Strelka2 (v.2.9.9) for calling small insertions and deletions (indels), deTiN
(v.2.0.1) for estimating tumor-in-normal (TiN) contamination, ContEst (v.1.4-437-g6b8a%e1; GATK v.3.7.0) for estimating cross-patient
contamination, AllelicCapSeg (v.22) for calling allelic copy number variants, and ABSOLUTE (v.1.5) for estimating tumor purity, ploidy, cancer
cell fractions, and absolute allelic copy number. Artifactual variants were filtered out using a token panel-of-normals (PoN) filter, a blat filter,
and an oxoG filter. The PhylogicNDT (v.1.0) suite of tools was used to generate posterior distributions on cluster cancer cell fractions and
mutation membership to calculate the ensemble of possible trees that support the phylogenetic relationship of detected cell populations.
Code for the WES analysis is available here: https://github.com/getzlab. For the poly-G analysis, phylogenetic trees were constructed using
the mean length of poly-G markers. Distance matrices containing all the samples from one patient were constructed using the Manhattan
distance. This distance measures the sum of insertions and deletions among all poly-G markers in two samples, normalized by the number of
poly-G markers analyzed. Because the Manhattan distance simply counts the number of mutations, it scales linearly with the number of cell
divisions separating two samples. However, the Manhattan distance is affected by a sample’s purity because the presence of normal cells
within a tumor reduces the mean length. Based on the distance matrices, phylogenetic trees were constructed using the neighbor-joining
method implemented in the R package ape. Code for the poly-G analysis is available here: https://github.com/mblohmer/polyG_egfr_Ic.
Analysis of western blotting, soft agar, and ddPCR data was performed on GraphPad prism v9.2.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

WES data not already available in the Supplementary Tables that support the findings of this study have been deposited in dbGaP under accession number
phs003379.v1.pl. Patient Ill-4 and patient 7 consented to data sharing via direct transfer agreement, available on request to Dr. Daniel Haber
(dhaber@mgh.harvard.edu). Requests will be processed within 2 weeks. Raw poly-G genotypes are available on GitHub at https://github.com/mblohmer/
polyG_egfr_Ic. PDB data referenced in this study is available at https://doi.org/10.2210/pdb5GTY/pdb and https://doi.org/10.2210/pdb4ZJV/pdb72,73. All other
data supporting the findings of this study are available from the corresponding author on reasonable request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender The patients were selected based on their presence within a familial cancer pedigree or presentation with multiple primary
EGFR mutant cancers. One male and one female familiar cancer patient were studied based on availability of pathology
specimens. EGFR mutations are more common in women, compared with men (two-fold), and we selected patients based on
available pathology specimens: 10/12 specimens were from female patients. Gender was not considered in the study design
based on limited sample availability. Gender reported in Table 1 is self-report by the patient.

Reporting on race, ethnicity, or We reported genetic ancestry as determined from our patients' medical records, however this data was not used in any
other socially relevant analysis.
groupings

Population characteristics We described gender (2M/10F), age (52-85), ancestry (9 European, 2 African, 1 Asian), and smoking history (5 never, 6
former, 1 moderate) for our cohort, however this data was not used in any analysis. Our small cohort, gender distribution
and ancestry distribution mean that we may have missed other findings from the less represented groups.

Recruitment Participants were recruited to deposit their tissue in an MGH biobank for subsequent deidentified study at time of surgery.
Patients were retrospectively selected for this study by having more than one resected primary lung cancer which were
geographically distinct on CT imaging AND have at least one known EGFR mutation in one of their primary lung cancers. An
additional cohort of 6 patients within these parameters who were light or never smokers were selected out for a second
cohort. The MGH patient population is not representative of the surrounding area, which may have introduced bias in the
demographics of patients included in this study but would not have impacted the results. Our focus on patients with EGFR-
mutant lung cancers biased towards never or light smokers, therefore our results are only relevant to this population and not
to the broader NSCLC population.

Ethics oversight Two protocols were used for this study, both reviewed and approved by the Dana Farber/Harvard Cancer Center (DF/HCC)
Institutional Review Board, which oversees clinical cancer protocols for all Harvard institutions including MGH. For the tumor
blocks from sporadic lung cancer cases, the approved protocol DF/HCC 13-416 includes permission for molecular analysis,
privacy of results, and publication of deidentified results. For the T790M-familial pedigree, the cases were initially collected
under protocol DF/HCC 94-138 at the time of the initial publication [Bell et al., Nature Genetics, 2005, PMID 16258541)] and
reconsented under protocol DF/HCC 13-416 for the current study. Under both protocols all participants provided written
informed consent for collection of tumor and tissue specimens and clinical information for inclusion in a tissue repository for
future research including DNA and RNA sequencing except where noted, and written informed consent for sharing of clinical
information in deidentified publications.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size No sample size calculations were performed in this study. For the soft agar assay, the effect size was large enough that n=3 was sufficient to
capture the change. This is consistent with our previous experience with this assay (see Godin-Heymann et al Cancer Research 2007). For the
western blotting assays, we have extensive experience with the EGFR activation assay to indicate that there is high variability in the quantified
data (see Lynch et al NEJM 2004; Godin-Heymann et al Cancer Research 2007). Combined with our stated modest effect size, n=10 was
necessary to accurately report on the phenomenon. For the ddPCR, WES, and poly-G analysis, the sample size was all samples available from
our patient cohort.
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Data exclusions  Patient 2 was excluded from our poly-G analysis because their samples did not pass quality control. Some samples evaluated by WES were not
assessed via ddPCR or poly-G analysis due to low sample quantity.

Replication Reproducibility of our cell and molecular biology findings was evaluated through multiple samples. In all cases, n indicates independent
replicates. All attempts at replication are reported in the paper. Reproduction of our overall findings on another patient cohort is beyond the

scope of this paper.

Randomization  Randomization was not applicable to this study because the patient samples were retrospectively selected due to satisfying a set of criteria
(more than one EGFR-mutant resected lung tumor) and were not stratified into treatment arms.

Blinding Blinding is not relevant to this study as no group allocation was performed.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X| Antibodies [] chip-seq

Eukaryotic cell lines [] Flow cytometry

|:| Palaeontology and archaeology |:| MRI-based neuroimaging
[ ] Animals and other organisms

[] Clinical data
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Antibodies

Antibodies used EGFR (Cell Signaling Technologies #4267, multiple lots, 1:500 dilution); EGFR pY845 (Cell Signaling Technologies #6963, multiple lots,
1:500 dilution); Akt1/2 (Cell Signaling Technologies #9272, multiple lots, 1:1000 dilution); Akt pS473 (Cell Signaling Technologies
#4060, multiple lots, 1:500 dilution); Vinculin (Sigma Aldrich MAB3574 clone VIIF9, multiple lots, 1:2000 dilution).

Validation EGFR and pEGFR antibodies were validated in our study by comparing performance on NIH3T3 cells not expressing and
overexpressing EGFR. The pAkt antibody was validated in our study by showing the established response to EGF treatment of cells
expressing WT EGFR. The Akt antibody was validated by CST through western blot analysis of extracts from CHO cells, transfected
with non-targeted (-) or SignalSilence® Akt siRNA | (+) siRNA. The vinculin antibody was validated by comparison with Ponceau S
staining.
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The mouse NIH/3T3 cells were from ATCC (cat #CRL-1658) and the human NCI-H2228 lung adenocarcinoma cells were a gift
from Dr. Aaron Hata (Mass General Hospital)

Authentication These cell lines were not authenticated.
Mycoplasma contamination These cell lines and all lines derived from them tested negative for mycoplasma.

Commonly misidentified lines  Neither of these are commonly misidentified lines.
(See ICLAC register)
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