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Purpose: In patients with >1 non-small cell lung carcinoma (NSCLC), the distinction between
separate primary lung carcinomas (SPLCs) and intrapulmonary metastases (IPMs) is a common
diagnostic dilemma with critical staging implications. Here, we compared the performance of
comprehensive next-generation sequencing (NGS) with standard histopathologic approaches for
distinguishing NSCLC clonal relationships in clinical practice.

Experimental Design: We queried 4,119 NSCLCs analyzed by 341-468 gene MSK-IMPACT
NGS assay for patients with >1 surgically resected tumor profiled by NGS. Tumor relatedness
predicted by prospective histopathologic assessment was contrasted with comparative genomic
profiling by subsequent NGS.

Results: Sixty patients with NGS performed on >1 NSCLCs were identified, yielding 76 tumor
pairs. NGS classified tumor pairs into 51 definite SPLCs (median, 14; up to 72 unique somatic
mutations per pair), and 25 IPMs (24 definite, one high probability; median, 5; up to 16 shared
somatic mutations per pair). Prospective histologic prediction was discordant with NGS in 17
cases (22%), particularly in the prediction of IPMs (44% discordant). Retrospective review
highlighted several histologic challenges, including morphologic progression in some IPMs. We
subsampled MSK-IMPACT data to model the performance of less comprehensive assays, and
identified several clinicopathologic differences between NGS-defined tumor pairs, including
increased risk of subsequent recurrence for IPMs.

Conclusions: Comprehensive NGS allows unambiguous delineation of clonal relationship
among NSCLCs. In comparison, standard histopathologic approach is adequate in most cases, but
has notable limitations in the recognition of IPMs. Our results support the adoption of broad panel
NGS to supplement histology for robust discrimination of NSCLC clonal relationships in clinical
practice.

Introduction

Distinguishing between separate primary lung carcinomas (SPLCs) and intrapulmonary
metastases (IPMs) is an increasingly common dilemma encountered in clinical practice. In
the era of widespread utilization of CT imaging, it is estimated that screening detects more
than one tumor nodule in 15%-20% of current/former smokers with non-small cell lung
carcinomas (NSCLC,; refs. 1, 2). In addition, NSCLC can spread to other parts of pulmonary
parenchyma via IPMs—a process for which the underlying pathogenesis is still poorly
understood. The distinction between SPLCs and IPMs has major implications for staging:
SPLCs are staged individually, whereas IPMs are staged as pT3 if in the same lobe, pT4 if in
another ipsilateral lobe, and pM1a if in a contralateral lobe (3). The method for the
distinction of SPLCs and IPMs has evolved substantially over the years, beginning with the
criteria proposed in 1975 by Martini and Melamed (4), which remained the primary method
in clinical practice for many years. Those criteria defined SPLCs on the basis of different
general tumor histotype (e.g., squamous cell carcinoma vs. adenocarcinoma) and other
clinicopathologic characteristics (presence of carcinoma in situ, involvement of a different
lung lobe after a >2-year interval, and lack of nodal or systemic metastases; ref. 4).
However, recent studies with molecular data have highlighted the significant limitations of
the Martini and Melamed criteria (5). It is now recognized that the distinction between
SPLCs and IPMs is complex and requires multidisciplinary correlation of all available
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clinical, radiologic, pathologic, and molecular information (6-8), but the criteria are not well
defined.

In recent years, adenocarcinoma has become the most prevalent lung cancer type in the
United States and Asia, and it is the tumor type that frequently presents with multiple
separate nodules. Thus, the issue of separating SPLCs from IPMs largely concerns the
determination of the relatedness of adenocarcinomas. The hallmark of lung
adenocarcinomas is their enormous histologic and molecular heterogeneity (9). The
histologic variation manifests in a strikingly diverse combination of architectural and
cytologic features in individual tumors, accompanied by the variability in stromal features
and associated inflammatory milieu. In combination, such variability yields a distinctive
histologic signature for individual tumors. On the basis of this principle, a landmark study
has demonstrated the value of comprehensive histologic assessment as a tool to determine
whether two tumors are SPLCs versus IPMs (5). This approach has been adopted by the
latest 7th and 8th editions of American Joint Committee on Cancer tumor—node—metastasis
(TNM) classification (3). However, the accuracy of histologic comparison has not been
benchmarked against highly robust molecular approaches.

A variety of molecular methods have been applied over the years to distinguish SPLCs from
IPMs. The early methods included microsatellite and loss of heterozygosity analysis (10—
14), array comparative genomic hybridization (5, 15), and 7P53 gene mutation status (16,
17). More recently, oligo-gene panels for hotspot mutations in two to five major driver genes
(18-21) and next-generation sequencing (NGS) for up to 50 cancer genes (22-27) have been
applied to the problem of separating SPLCs from IPMs. Although providing valuable
information on clonal relationship of lung adenocarcinomas, the limitation of such methods
is that they are uninformative in a substantial proportion of cases (see Discussion). Also,
recently reported was the application of assays still mainly confined to research settings such
as whole-exome sequencing (28, 29) and NGS-based genomic breakpoint analysis (30) as a
means to delineate tumor clonal relationships. However, still lacking are large-scale studies
using NGS assays with comprehensive coverage of cancer-related genes, which are currently
in use at increasing number of institutions for guiding the use of targeted therapies. Large-
panel NGS platforms provide an unprecedented opportunity to address the problem of
SPLCs versus IPMs using a highly granular molecular gold standard. In this study, we
compared the results of prospective histologic prediction with subsequent NGS results using
the Memorial Sloan Kettering Integrated Mutation Profiling of Actionable Cancer Targets
(MSK-IMPACT) NGS assay covering up to 468 cancer-related genes for distinguishing
SPLCs from IPMs in our clinical practice. Using the clonal relationships established by
large panel NGS as the molecular gold standard, we analyzed the accuracy and pitfalls of
histologic predictions of SPLCs versus IPMs, and we began to elucidate clinicopathologic
and genomic features that may aid in the prediction of NSCLC clonality in clinical practice.

Materials and Methods

Study design

We queried the data on NSCLC specimens from the MSK-IMPACT clinical sequencing
cohort in the cBioPortal database (9, 31), and selected patients who underwent surgical
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resections for >1 NSCLC profiled by NGS. Patients on targeted therapies undergoing
resection for known or suspected metastatic disease were excluded. Also excluded were
patients with >1 invasive mucinous adenocarcinoma because those tumors commonly
present with multifocal, multilobar disease, which will be addressed in a separate study. This
study was approved by the Institutional Review Board of Memorial Sloan Kettering Cancer
Center.

Clinical and histologic review

Clinical information, including patient demographics, smoking, treatment history, and
survival outcomes were obtained from hospital electronic medical records. Prospective
histologic predictions of SPLCs versus IPMs were obtained from surgical pathology reports,
based on the statement of whether the tumors appeared morphologically similar or different
—a routine practice at our institution. Histologic assessment of tumor relatedness was
performed by experienced thoracic pathologists based on the histologic criteria proposed by
Girard and colleagues (5). In all cases the histologic predictions were made prior to
comprehensive molecular profiling by MSK-IMPACT. The histologic features were re-
reviewed by two thoracic pathologists (J.C. Chang and N. Rekhtman).

Progression-free survival (PFS) was calculated using the Kaplan-Meier approach from the
time of most recent procedure to the time of progression or death. Patients were otherwise
censored at the time of last clinical follow-up. Survival curves between IPMs and SPLCs
were compared using the log-rank tests. Analyses were conducted in R 3.5.3 (R Core Team).

Genomic profiling

The detailed methodology of the MSK-IMPACT assay has been described previously (32).
In brief, the MSK-IMPACT assay is a hybridization capture-based NGS platform that
sequences the entire coding region and select noncoding regions of 341 (v3), 410 (v4), or
468 (v5) genes and provides data on nonsynonymous somatic mutations, copy number
alterations, and structural variants. Synonymous mutations are detected and maintained in
database but not clinically reported. DNA extraction was performed using standard methods
on formalin-fixed, paraffin-embedded (FFPE) tissue on tumor specimens with matched
blood normal control on all cases.

To determine the clonal relationship between two tumors, we compared somatic mutations
and structural variants but not copy number alterations, as the latter are heavily influenced
by tumor purity (proportion of tumor cells relative to nonneoplastic cells such as
inflammatory and stromal cells). Tumor pairs exhibiting entirely nonoverlapping, unique
mutations were classified as clonally unrelated (SPLCs). In contrast, tumors sharing multiple
(=2) mutations were regarded as clonally related (IPMs). For tumors sharing a single hotspot
mutation, the designation of IPMs versus SPLCs was adjudicated on an individual basis by
extended molecular review (see Results). Visual review of the alignment data in integrated
genomic viewer (33) was performed to confirm the absence (in SPLCs) or presence (in
IPMs) of overlapping mutations below the bioinformatic threshold used for clinical variant
calls [<5% variant allele frequency (VAF)]. Tumor pairs sharing translocations and splice-
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site mutations were manually reviewed to determine whether the breakpoints/splice sites
occurred in identical locations.

To determine the probability for a set of observed shared mutations to occur coincidentally,
we collected the data on the prevalence of each mutation in our patient population within
NSCLCs profiled by MSK-IMPACT (7= 4,119), and manually calculated the odds of their
cooccurrence by chance. In addition, all tumors were analyzed by a biostatistical method
developed for NGS-based clonality assessment. In brief, for each tumor pair, the number of
shared mutations versus unique mutations and prevalence of each mutation in NSCLC were
used to calculate the probability of clonality using statistical formulas, where 0 means
definitely nonclonal (SPLCs) and 1 means definitely clonal (IPMs). For detailed description,
see Supplementary Materials and Methods 1 and prior publications (34, 35).

To compare the performance of MSK-IMPACT with other molecular platforms commonly
used in clinical practice at other institutions, we modeled the results of clonality assessment
by other molecular platforms by subsampling of the MSK-IMPACT data on the same cases
(see Supplementary Materials and Methods 2 for details).

Patient characteristics

Between 2014 and 2018, 4,119 NSCLC specimens underwent genomic profiling by MSK-
IMPACT, from which we identified a total of 60 patients with NGS performed on >1
resected NSCLC. Fifty-two patients had two tumors, and eight patients had three tumors, for
a total of 128 individual tumors. Considering that patients with three tumors each
represented three tumor pairs, this yielded a total of 76 tumor pair comparisons. On clinical
grounds, all patients were considered to have separate primary tumors or the relationship of
the tumors was uncertain at the time of surgery; none of the patients were known to have
IPMs prior to surgery.

The cohort comprised paired adenocarcinomas (AD vs. AD; n = 70), paired squamous cell
carcinomas (SQ vs. SQ; 7= 2), and pairs with different histotypes: adenocarcinoma versus
pleomorphic carcinoma (/7= 3), and adenocarcinoma versus large-cell neuroendocrine
carcinoma (n7=1). Tumors were synchronous in 54 and metachronous in 22 tumor pairs.

Tumor relatedness based on prospective histologic prediction

Of 76 tumor pairs, prospective histologic comparison predicted that 20 tumor pairs (26%)
were morphologically similar representing IPMs, whereas 56 tumor pairs (74%) were
morphologically different representing SPLCs (Fig. 1C). Specifically, within AD-AD pairs
(n=70), 19 were predicted to represent IPMs and 51 SPLCs. In 23 cases, a histologic
prediction was rendered, but the pathologist recommended molecular testing to confirm the
clonal relationships between the tumors (Fig. 1D).

Clonality assessment based on MSK-IMPACT results

Genomic profiling by MSK-IMPACT of the 128 tumors yielded a median of eight somatic
alterations per tumor (range, 1-47) with a mean coverage of 704x (range, 186x-1,132x;
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Supplemental Table S1). A major oncogenic driver alteration (e.g., EGFR, KRAS, ALK,
ROS1, and MET exon 14) was identified in 107 tumors (84%). As shown in Figs. 1 and 2,
NGS classified tumor pairs as 25 IPMs (24 definite and one high probability) and 51 definite
SPLC:s as detailed below.

A total of 24 tumor pairs (32%) shared multiple (=2) nonsynonymous somatic alterations
(mean, 6.3; up to 16). In such pairs, the odds of coincidence for all shared alterations was
<1E-06 in all cases (median, 2.17E-29; range, 3.60E-08-3.74E-104) based on the prevalence
of individual mutations in our patient population (Fig. 2B). In addition, tumors sharing
translocations (ALK and ROSJI) and splice-site mutations in MET exon 14 were confirmed
to have identical breakpoints/splice sites. These pairs were thus classified as definite IPMs.

Compared with the number of shared mutations, the number of unique mutations in IPMs
was substantially lower (mean 0.7; range, 0-11). There were no unique mutations in 10
IPMs, one to two unique mutations per tumor in 12 IPMs, and >2 unique mutations per
tumor in only two IPMs. On average, unique mutations in IPMs represented only 9% of total
mutations per tumor (range, 0%-42%).

Conversely, 46 other tumor pairs (61%) exhibited entirely unique mutation profiles in each
tumor. These pairs harbored a median of 14 unique nonsynonymous somatic mutations per
pair (range, 2—72). On manual review, no overlapping mutations were detected in the paired
tumors even at subthreshold level (VAF < 5%). These pairs were classified as definite
SPLCs.

A total of six cases shared a single hotspot mutation; their classification was adjudicated
individually by extended molecular review that included review of synonymous mutations
and chromosome arm level gains and losses (Supplementary Table S2). Of those, four tumor
pairs shared a single KRAS hotspot mutation (p.G12C in three and p.G12D in one); each
tumor also harbored an abundance of unique mutations (both nonsynonymous and
synonymous), ranging from eight to 53 mutations per tumor, with no shared mutations even
at subthreshold level, and no shared chromosome arm level gains or losses. Classification of
those tumors as SPLCs were supported by (i) fair probability of coincidentally shared driver;
in particular, given the prevalence of KRASp.G12C mutation in our population of
approximately 15% (~24% in smokers), the odds of coincidental occurrence of this mutation
in two unrelated tumors is approximately 1 in 44 (~1/17 in smokers; ref. 36) and (ii)
substantially higher unique/total mutation ratio (>90%) compared with definite IPMs in our
series. All 4 patients were indeed smokers with a 15-70 pack-year smoking history.

One other tumor pair shared a single U2AF1 p.S34F hotspot mutation. These tumors also
harbored distinct KRAS-driver muta tions (p.G12C vs. p.G12D) plus multiple unique
nonsynonymous and synonymous mutations in each tumor, resulting in an unambiguous
classification of SPLCs with coincidental UZAFI hotspot mutation.

Finally, one tumor pair shared a single BRAF p.V600E mutation with only one and two
unique mutations per tumor. On manual review, all mutations had low VAF (<15%), and no
synonymous mutations were detected in either tumor. Such findings indicate low tumor
purity and high likelihood of incomplete detection of mutations. Low tumor purity was in-
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line with marked admixed inflammatory infiltrate in corresponding hematoxylin and eosin
sections. On the basis of the low prevalence of BRAF p.V600E in NSCLC (1.4%), the odds
of coincidental occurrence of this mutation in two independent tumors is very low
(1.97E-04); thus, the tumor was classified as high-probability IPM.

Overall, of 76 tumor pairs, five (6%) had no driver alteration in either tumor, and 14 SPLCs
(18%) had a driver in only one of the tumors. In the entire cohort, nine tumor pairs shared
KRAS mutations, of which four (44%) represented coincidental cooccurrence in SPLCs on
the basis of the aforementioned analysis.

Biostatistical analysis was fully concordant with the above manual classification of tumors
as SPLCs versus IPMs, revealing probability of clonality of 0-0.079 for SPLCs, and 0.93-1
for IPMs (Fig. 2). In particular, this method supported the manual classification of pairs with
a single shared alteration (Supplementary Table S2).

Modeling of clonality assessment by less comprehensive molecular platforms by
subsampling of MSK-IMPACT data

Because many institutions do not currently have access to comprehensive NGS panels, we
modeled how smaller NGS panels and standalone assays for major NSCLC drivers would be
predicted to perform with the cases in this study by subsampling the MSK-IMPACT data to
mimic more limited panels, which are widely used in clinical practice.

As summarized in Fig. 2C and Supplementary Materials and Methods 2, subsampling for
four major drivers (EGFR, KRAS, ALK, and ROSI) would distinguish SPLCs versus IPMs
in 60% of cases, and subsampling for 50-gene AmpliSeq plus ALK and ROSI would
distinguish 72% of cases. Notably, because >90% of SPLCs were characterized by distinct
drivers or presence versus absence of driver in paired tumors, most SPLCs would be readily
identified by noncomprehensive panels. Conversely, noncomprehensive panels would have a
limited ability to definitively confirm that tumors are clonally related (i.e., IPMs) because
shared single-hotspot alteration can occur in unrelated tumors (see Discussion and
Supplementary Materials and Methods 2 for details), and detection of secondary mutations
would be feasible only by AmpliSeq in a minority cases. To model the number of genes
needed to achieve high probability of confirming clonal relatedness of NSCLC pairs, we
utilized a computational approach (Supplementary Materials and Methods 3), which
estimated that at least 100 commonly mutated genes would be needed to allow confirmation
of clonal relatedness in >95% of lung adenocarcinomas (Supplementary Table S3).

Comparison of histologic prediction to NGS classification

Figure 1C shows the comparison of prospective histologic prediction with NGS
classification. Overall, 17 of 76 tumor pairs (22%) showed discordant results between
prospective histologic prediction and final molecular classification. The discordance rate
was significantly higher for IPMs (11/25, 44%) than SPLCs (6/51, 12%), A= 0.001. As
shown in Fig. 1D, the discordance rate was significantly higher when histologic prediction
was regarded as potentially equivocal by a pathologist and confirmation by NGS was
suggested (P=0.02).
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Retrospective review of cases with challenging histologic prediction of tumor relatedness

The 17 cases in which histologic prediction of tumor relatedness was discordant with NGS
results comprised six SPLCs and 11 IPMs, as defined by NGS (Fig. 1C; detailed summary in
Supplementary Table S4). On re-review, of six SPLCs that were misclassified histologically
as IPMs, four adenocarcinoma pairs indeed shared architectural similarity (similar growth
patterns); however, they showed subtle differences in cytologic features. Two other
discordant adenocarcinoma pairs exhibited overlap in cytologic features, while they differed
in architectural patterns. All these cases were regarded as challenging on prospective
evaluation, and molecular testing to confirm tumor relationship was recommended in
pathology reports.

Of 11 tumor pairs classified as IPMs by NGS but thought to be histologically different, four
adenocarcinoma pairs harbored 5%-30% lepidic component in both tumors (Fig. 3),
resulting in erroneous conclusions of separate primary tumors, given the current concept that
non-mucinous lepidic pattern represents “in situ” (precursor) lesion (See Discussion). Seven
other tumor pairs showed histologic progression: six adenocarcinoma pairs were
characterized by significantly increased proportions of high grade (solid or micropapillary)
patterns in the subsequent tumor (Fig. 4), and one squamous cell carcinoma pair showed
strikingly distinct levels of differentiation (Supplementary Fig. S1).

Clinicopathologic comparison of adenocarcinomas classified as IPMs versus SPLCs

Table 1 summarizes the clinicopathologic characteristics of patients with adenocarcinomas
classified by NGS as IPMs versus SPLCs. Compared with SPLCs, IPMs showed greater
propensity for metachronous presentation (61% vs. 15%; P = 0.0002), association with never
smoker status (41% vs. 14%; P=0.035), and overall lower pack-year smoking history (mean
14 vs. 34; P=0.007). Genomically, IPMs showed a tendency for lower rate of KRAS
mutations than SPLCs (30% vs. 54%; £0.11), and were instead significantly enriched in
non- KRAS-driver alterations (EGFR, ALK, ROS1, MET Exon 14 splicing, and BRAF
V600E) with a combined rate of 65% versus 22% in IPMs versus SPLCs, respectively (P=
0.0009). In particular, the prevalence of MET Exon 14 was significantly higher in IPMs
compared with SPLCs (23% vs. 3%, respectively; 2= 0.0085). In addition, IPMs showed
overall lower tumor mutation burden compared with SPLCs (mean 4.5 vs. 7.0 per Mb; P
0.025).

Importantly, IPMs could not be distinguished from SPLCs by anatomic location, because
IPMs were just as likely as SPLCs to present in another ipsilateral or contralateral lobe.
Furthermore, IPMs occurred in the absence of nodal involvement in the majority of cases,
and no IPMs showed evidence of distant metastases at the time of surgery, similar to SPLCs
in this cohort. Also notable was the observation that in metachronous IPMs, the time course
between the first and second tumor ranged from 0.4 to 7.6 years (median, 3.1 years),
exceeding 2-year latency in eight of 19 patients, and even exceeding 5-year latency in three
patients (Supplementary Table S1).

Histologically, high-grade patterns (micropapillary or solid) were invariably present in all 25
IPMs, and the presence of micropapillary pattern in both tumors was significantly associated
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with IPMs compared with SPLCs (65% vs. 32%, respectively; A= 0.01). The presence of
>5% lepidic pattern was noted in 61% of paired IPMs. However, none of these IPMs were
lepidic predominant, and micropapillary pattern was invariably present in IPMs containing a
lepidic component. Multiple (=2) foci of atypical adenomatous hyperplasia (AAH) were
present in 30% of SPLCs but none of IPMs (P=0.011).

Exploratory survival analysis with median follow-up of 15 months showed that 2-year PFS
was 48% for patients with IPMs, and 74% for patients with SPLCs, with a trend toward
worsened PFS for IPMs (P=0.197) (Supplementary Fig. S2).

Discussion

Large-panel NGS assays are increasingly utilized in clinical practice for guiding the use of
targeted therapies. Our results show that such assays also provide a definitive, unambiguous
determination of clonal relationships among multiple lung carcinomas as clonally unrelated
(SPLCs) versus clonally related (IPMs). While our findings support the overall accuracy of
comprehensive histologic assessment for discerning tumor relationships in the majority of
NSCLCs, they also highlight its limitations in approximately one-fifth of cases. Our results
help to identify specific clinicopathologic settings in which molecular testing should be
considered to supplement histologic assessment. In addition, we describe novel
clinicopathologic differences between SPLCs and IPMs defined using the highly robust
molecular gold standard.

To our knowledge, this is the largest study to date on the performance of comprehensive
NGS in distinguishing IPMs from SPLCs. Unlike previously used smaller gene panels (18—
24), broad panel NGS provides a way to examine multiple alterations simultaneously,
yielding highly granular tumor mutational profiles and a robust discrimination of tumor
relatedness. In this series, the tumors harbored a median of eight (up to 47) nonsynonymous
somatic alterations per case. In a minority of cases where additional discrimination was
needed, those were supplemented with synonymous mutations (median, 16; up to 34 per
case); these mutations are excluded for the purposes of predictive testing because they do not
lead to protein alterations, but they provide additional useful markers in tumor clonality
assessment. Thus, for tumors classified as clonally related (IPMs), multiple shared
alterations (median, 5, up to 16) were present. We demonstrate that the odds of a set of such
mutations occurring by chance is virtually nil, representing a significant advance over the
panels that examine only major drivers or noncomprehensive NGS (see below). We also
found that broad panel NGS robustly identified unrelated tumors by demonstrating entirely
unique mutational profiles comprising multiple mutations (median, 14; up to 72 per tumor
pair). In particular, we found that comprehensive NGS allows clear recognition of SPLCs
with coincidentally shared single hotspot mutation, as also discussed below. Finally, this
approach permits determination of clonal relationship for cases with driver alterations that
are poorly covered by conventional assays (e.g., MET Exon 14) or entirely lacking a known
mitogenic driver. Overall, our panel was able to establish definitive tumor clonal relationship
in virtually all tumor pairs during the study period.
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When comparing the performance of histologic assessment with the definitive NGS
classification, we found that histologic prediction was discrepant in 22% of cases overall,
similar to the discrepancy rates ranging from 18% to 37% across different platforms in prior
studies (5, 19, 24, 26, 27). Difficulties with histologic prediction were substantially more
frequent for the recognition of IPMs than SPLCs (44% vs. 12% discordant, respectively).
We identified several recurrent challenges limiting the accuracy of histologic prediction of
tumor relationships: (i) tumor progression in IPMs leading to histologic dissimilarity, (ii)
presence of lepidic pattern in IPMs causing erroneous conclusion of a primary, in situ
disease, and (iii) SPLCs with overlapping architectural or cytologic features mimicking
morphologic similarity.

Histologic progression in metastatic NSCLC has been noted in prior studies (37). In this
study, seven IPMs were incorrectly predicted to be distinct primary tumors because of
significant discrepancy in tumor grades. Although in most cases, histologic patterns in the
primary and metastatic tumors are preserved, the issue of histologic progression in a subset
of cases presents a limitation to histology-based determination of tumor relationship.

Surprisingly, we observed that lepidic pattern was frequently present in IPMs, resulting in an
erroneous interpretation of some of such pairs as SPLCs. The current concept of lepidic
pattern in non-mucinous lung adenocarcinomas is that it represents noninvasive precursor/in
situ disease (38). It may be therefore counterintuitive that tumors molecularly proven to be
IPMs can harbor what appears to resemble a pattern equated with in situ disease. We
postulate that lepidic pattern in IPMs represents surface colonization rather than a precursor
lesion, in line with the recent proposal by Moore and colleagues that some lepidic patterns
could represent outgrowth of an invasive tumor.(39) This phenomenon may be analogous to
intrapulmonary multilobar spread of invasive mucinous adenocarcinomas, tumors which are
well known to exhibit significant lepidic/surface growth pattern during intrapulmonary
progression (38), or alveolar surface colonization by metastatic pancreatic carcinomas (40).
In contrast, this phenomenon has not been well-described for the intrapulmonary spread of
non-mucinous adenocarcinomas, except in isolated case reports (41, 42). Importantly,
because lepidic pattern in IPMs was nonpredominant in all cases, lepidic-predominant
adenocarcinoma, minimally invasive adenocarcinoma, and adenocarcinoma in situ lesions
should not be regarded as potential IPMs.

The overall accuracy of comprehensive histologic assessment and the relatively specific
scenarios where discrepancies occurred suggest that histologic assessment may be useful in
triaging cases that would benefit from molecular confirmation (Fig. 5). In particular, we
found that pathologists are generally accurate in determining when a comparison is
challenging and requires a molecular confirmation. Given that some of these cases
underwent molecular profiling as they were suggested by the pathologists, the cohort may
have been enriched in histologically challenging cases, thus elevating the discrepancy rate.
Increased familiarity by pathologists with previously underrecognized features in some
IPMs (histologic progression and presence of lepidic pattern) should further increase the
accuracy of histologic comparison in practice. Overall, retrospective histologic reassessment
of cases unambiguously classified by NGS will provide an unprecedented benchmark
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against which to refine histologic criteria for distinguishing SPLCs and IPMs in future
studies.

We note that histology in this series was dominated by adenocarcinomas, and only two
tumor pairs were squamous cell carcinomas, precluding detailed analysis of this subset.
Nevertheless, these cases illustrate the effectiveness of NGS in unambiguously establishing
tumor relationship in such pairs due to their high tumor mutation burden even in the absence
of a driver alteration. Conversely, due to the relative homogeneity of architectural and
cytologic features in squamous cell carcinomas (38), histologic features may not be
sufficiently distinctive for definitive classification of tumors as related versus unrelated.

Comparison of patient and tumor characteristics associated with SPLCs and IPMs robustly
defined by NGS in our series yielded several interesting observations related to the distinct
biology underlying these processes. We found that SPLCs were enriched in KRAS
mutations (57%), in line with consistent smoking history in those patients (86%) and heavy
cigarette exposure (median, 30 pack-years). It is likely that multiple SPLCs arise in the
background of generalized cigarette-induced tumor predisposition, as reflected by frequent
presence of multifocal precursor lesions (AAH) in such patients in our series and in prior
studies (2, 43, 44). Notably, in the Asian populations, SPLCs are dominated by EGFR
mutations (28, 45), likely reflecting the overall known geographic differences in genomic
profiles of lung adenocarcinomas. In contrast, IPMs were significantly enriched (65%) in
non- KRAS-driver alterations, which are not linked to cigarette smoking, including £EGFR,
ALK, ROS1, and METExon 14, in line with the higher rate of never smokers (41%) and
lower pack-year exposure (median, 7.5 pack-years). The reason for the predilection of IPMs
to tumors with nonsmoking-related driver alterations is less clear, but may be related to a
distinct biology of tumors prone to intrapulmonary spread. We note that the propensity for
miliary-like intrapulmonary spread is well recognized for EGFR-mutant adenocarcinomas
(38, 46); isolated IPMs in this study may represent a limited manifestation of the same
phenomenon. We identified a surprising enrichment for MET Exon 14 among IPMs (23%),
whereas the rate of this alteration in unselected adenocarcinoma is 3% (9). The distinctive
prevalence in KRAS and EGFR mutations in SPLCs and IPMs was recently noted in a study
by Mansuet-Lupo and colleagues (27); here we expand on those findings and provide a more
comprehensive profile of molecular differences in these tumors.

Another distinctive and previously not emphasized difference was that SPLCs presented
synchronously in the vast majority of cases, whereas IPMs were more commonly
metachronous. This may reflect the natural history of SPLCs where tumors were likely
initiated around similar time frame. In addition, increased screening by low-dose CTs in
current/former smokers may contribute to simultaneous detection of SPLCs. Conversely, for
IPMs, the detection of a second nodule may be more likely to follow a lag period after the
resection of the primary tumor. Given the association of IPMs with never/light smokers, the
development of a subsequent lung carcinoma in a never/light smoker is thus statistically
more likely to represent IPMs rather than SPLCs, and this could serve as a helpful criterion
in clinical practice.
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We note that the surgical nature of this cohort may have preselected for a distinctive and
unusual patient population with limited intrapulmonary spread of NSCLC in the absence of
nodal or extrapulmonary disease (i.e., oligometastatic disease limited to the lung). Our
findings suggest that solitary IPMs are substantially underrecognized both clinically and
pathologically in current practice. We found that many metachronous IPMs were resected
more than 2 years (up to 7.6 years) after the primary tumor resection—a substantially longer
latency than the 2-year cutoff suggested for the distinction of IPMs versus SPLCs in the
original Martini and Melamed criteria (4), and exceeding a 5-year cutoff suggested in a
recent study of molecularly confirmed IPMs (27). Furthermore, we noted frequent spread to
different lobes, including the contralateral lung. It is not currently known whether IPMs,
especially solitary IPMs, arise from systemic lymphovascular spread or are more likely a
manifestation of local spread via bronchoalveolar air spaces or pulmonary vasculature.
Greater recognition of this intriguing and poorly understood phenomenon by robust
molecular methods will enable more detailed study of its biology, natural history, and long-
term clinical outcomes. While our exploratory survival analysis was limited by short follow-
up and relatively small number of patients, it did reveal that over half of the patients with
resected IPMs developed subsequent disease recurrence, with a trend toward higher
recurrence rate compared with patients with SPLCs.

Several interpretative and technical aspects of NGS for clonality assessment are worth
highlighting. A significant advantage of comprehensive NGS panels of the type used here is
in the ability to discriminate unrelated tumors (SPLCs) that share a single common hotspot
mutation by chance. This is especially problematic in smokers with tumors sharing a KRAS
p.G12C mutation, or in never-smokers with tumors sharing a EGFR p.L858R mutation, for
which the odds of cooccurrence by chance in the respective populations can be as high as
one in 17 (see Results). In fact, in our series, shared KRAS mutations were almost as likely
to occur coincidentally in SPLC s as in IPMs. The only other instance of coincidentally
shared hotspot mutation in our series was a UZAFI mutation in an otherwise unambiguous
SPLCs (see Results). In this study, we illustrate that NGS can readily identify SPLCs despite
shared single hotspot mutation by demonstrating numerous additional unique mutations in
each of the tumors. We considered the possibility of such cases representing IPMs with early
clonal divergence and subsequent acquisition of multiple private mutations. However,
arguing against this possibility are our data that in all IPMs the number of shared mutations
was consistently substantially higher than that of unique mutations. These data are also in-
line with the findings by multiregion and longitudinal NGS of lung adenocarcinomas
revealing that the number of early truncal mutations substantially exceeds that of unique
subclonal mutations (47, 48).

Clonality assessment by large panel NGS represents a significant advance over less
comprehensive gene panels. In this study, we modeled how more limited panels in wide use
in clinical practice would perform for typing this set of tumors. In-line with prior studies, we
found that such panels can identify clonal relationships in 60%-70% of case (23, 24, 27). On
the basis of subsampling of our data, we propose an algorithm for the settings where limited
panels are sufficient for interpretation of clonality, and when additional comprehensive
approaches would be of value (Fig. 5). In particular, on the basis of the aforementioned data,
we caution against concluding that tumors are clonally related solely on the basis of the
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presence of a single shared hotspot alteration; the degree to which a single shared alteration
supports tumor relatedness should be determined on the basis of the prevalence of that
alteration in a given population as well as overall clinicoradiologic context.

We also note several advantages of large-panel NGS over nonmutation-based approaches
that have been utilized in clonality assessment in research settings. Compared with genomic
breakpoint analysis of chromosomal rearrangements, via mate-pair sequencing that requires
fresh-frozen tissue (30), MSK-IMPACT and other clinical NGS assays work on routine
FFPE material. Array CGH employed in prior studies (5, 49) requires high tumor purity, and
this is not always feasible in NSCLC specimens, which commonly show low tumor purity
due to abundant admixed inflammatory infiltrate. As shown in this study, without selecting
for cases with high tumor purity to preserve a true representation of cases in clinical
practice, definitive classification of tumor pairs into IPMs versus SPLCs was possible in
virtually all cases.

Another advantage specific to our NGS platform is that tumors are sequenced with matched
normal control (patient’s white blood cells), whereas germline (constitutional) variants are
filtered out bioinformatically. For large panel NGS performed without normal control, it is
difficult to distinguish rare or private germline polymorphisms from shared somatic
mutations, which could limit the ability to conclusively address the clonal relationships of
the tumors.

The main limitations of large panel NGS platforms include availability, cost, and turnaround
time. Because of the cost of implementation and significant requirement of bioinformatic,
computational resources, and personnel to analyze and interpret the data, not all institutions
currently offer NGS testing. Although the cost of NGS is comparatively lower than
sequential testing with multiple standalone single-gene assays (50), clonality assessment
using NGS platform requires parallel testing of both tumors, and ideally, matched normal
control. Finally, although the turnaround time of NGS assays has improved significantly in
the last few years, it still takes substantially longer than pathologic review; therefore,
preliminary impression by histologic assessment may still be useful before NGS results are
generated.

Although our study cohort by design was limited to surgical resections to facilitate
comparison with comprehensive histologic assessment, conclusions regarding clonality
assessment by NGS from this study are also applicable to biopsy and cytology specimens,
where morphologic assessment of tumor relationship is even more challenging. However,
this will require empirical validation in future studies.

In conclusion, to our knowledge, this is the largest study to date that demonstrates the utility
of broad panel NGS to accurately establish clonal relationships among NSCLCs in routine
clinical practice. Comprehensive NGS highlights select scenarios in which histologic
assessment has limitations, and should allow for refinement of histologic criteria for
evaluation of tumor relatedness. Overall, our findings suggest that a comprehensive
diagnostic approach incorporating histology and molecular analysis is essential to drawing
this critical distinction in clinical practice. Molecular staging has the potential to
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revolutionize the current staging practice in patients with multiple NSCLCs, providing
robust confirmation of tumor clonality and information on actionable mutations at the same
time.
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Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Multiple non-small cell lung carcinomas (NSCLC) may represent either separate primary
lung carcinomas (SPLCs) or intrapulmonary metastases (IPMs) of the same carcinoma.
To our knowledge, this is the largest study to date to demonstrate the utility of
comprehensive next-generation sequencing (NGS) to unambiguously establish clonal
relationship among NSCLCs in routine clinical practice. We illustrate the added value of
NGS to standard histopathologic assessment to establish tumor relatedness, and elucidate
several novel distinctive genomic and clinicopathologic differences between NGS-
defined IPMs and SPLCs. Overall, these findings have the potential to revolutionize the
approach to multiple NSCLCs in clinical practice, and illustrate the utility of
comprehensive NGS not only for identification of targetable alterations but also for
assessment of tumor clonal relationships.

Clin Cancer Res. Author manuscript; available in PMC 2020 December 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chang et al. Page 19

s >

"~
S

+ Definite IPM (n = 23), * high-probability IPM (n=1)

A
=n + Shared non synonymous alterations per case: 1 to 16 (median 5)
e Ol e i M i Ml
o NON u HH N BN i N s s N il

-
=)

Number of mutation:

) s|les|s|u|n|as|loln

« Definite SPLC (n=51)

+ Unique non synonymous mutations per tumor: 1to 47 (median 6)

* Unique non synonymous mutations per pair: 2 to 72 (median 14)

« 5 pairs with shared coincidental hotspot mutations + 8 to 53 unique
mutations

Number of mutations

» ®» 0 u % » E

m # Shared non synonymous m # Unique non synonymous m # Unique synonymous
C D
Clonality defined by  Total NGS testing suggested Total
NGS by pathologist
IPM SPLC Yes No
2 ¢ Histologically % ) g L
€S | similar 14 (56%) 6 (12%) 0 52 Concordant 14 (61%) 45 (85%) 59
@ 7] o 3
Qg " » 29
o g Histologically S5 .
EE | Sttacn 11 (44%) 45 (88%)\ 56 3 £ Discordant 9 (39%) 8 (15%) 17
Total 25 51 76 Total 23 53 76
P =0.0002 P=0.034
Molecularly defined IPMs: histologic challenges in Molecularly defined SPLCs: histologic challenges in
discrepant cases (n=11) discrepant cases (n=6)
= Histologic progression (n=7) = Qverlap in architectural patterns (n=4)
= Significant lepidic pattern in both tumors (n=4) =  Qverlap of cytologic architecture (n=2)
Figure 1.

Overall distribution of molecular alterations and histologic/molecular correlation of tumor
clonality typing. A, Shared and unique mutations in NGS-defined IPMs. B, Shared and
unique mutations in NGS-defined SPLCs. C, Comparison of prospective histologic
prediction with clonality defined by NGS. D, Comparison of histology-molecular
concordance rate when NGS testing was suggested versus not suggested by the pathologist.
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Figure2.
Distribution of driver alterations and subsampling to mimic more limited platforms. A,

Driver alterations in 51 SPLC tumor pairs from 41 patients. Highlighted in red are SPLCs
with coincidentally shared hotspot driver mutations that could be misclassified as favoring
IPMs by other platforms. #, shared EGFR L858R in case 26 represents tumor pairs with
different nucleotide changes in EGFR gene resulting in the same amino acid substitution. B,
Driver alterations in 25 IPM tumor pairs from 19 patients.*, three IPM cases with asterisks
(3, 36, and 45) denote patients with three tumors. C, Subsampling of MSK-IMPACT data to
mimic performances of noncomprehensive molecular platforms. Definite SPLC tumor pairs
showing different driver alterations in each tumor. Definite SPLC*, one tumor shows a
driver alteration while the other lacks that alteration (See Supplementary Materials and
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Method 2). Definite IPM, =2 shared somatic alterations. Probable IPM, one shared somatic
alteration. Inconclusive, neither tumor shows a driver alteration. Ad, adenocarcinoma; amp,
amplification; fus, fusion; ins, insertion; LC, large-cell neuroendocrine carcinoma; NSA,
nonsynonymous alterations; PC, pleomorphic carcinoma; Sq, squamous cell carcinoma.
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T1 (case 6, RUL) T2 (case 6, RML, synchronous)

1 T2 Prevalence of alteration*
EGFR exon21 p.L858R (c.2573T>G) + + 8.3%
CHEK2 ¢.1009-111G>T # + + 0.05%
NTRK2 c.1196-82T>G # iy + 0.05%
STAG2 ¢.2266-52_2266-51insGG # it e 0.05%
TCF3¢.1586+183A>T # W o 0.05%

Figure 3.
Radiologic and pathologic appearances and NGS profile of an intrapulmonary metastasis

showing prominent lepidic pattern. Focal micropapillary pattern was present elsewhere in
the tumor (right, bottom; circled). #, synonymous mutations.*, prevalence is based on MSK-
IMPACT results for 4,119 NSCLCs in cBioPortal database. On the basis of combined
prevalence of each mutation the odds of coincidental cooccurrence is 2.17E-29.
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T1 (case 49, LLL) T2 (case 49, LLL, + 5.9 yrs)

T1 T2 Prevalence of alteration”
KRAS exon2 p.G12C (c.34G>T) + + 11%
MGA exon8 p.Y1011* (c.3033C>A) + + 0.05%
RBM10 exon12 p.R461Qfs*45 (c.1382_1386delGCATC) + + 0.05%
ATRX exon34 p.W2358L (c.7073G>T) B + 0.02%
KMT2C (MLL3) exon14 p.P837H (c.2510C>A) + + 0.02%
PIK3C3 exon12 p.V465F (c.1393G>T) o + 0.02%

Figure 4.
Radiologic and pathologic appearances and NGS profile of an intrapulmonary metastasis

showing histologic progression consisting of entirely solid pattern. #, mutations present
(subthreshold) in T2 on manual review.*, prevalence is based on MSK-IMPACT results for
4,119 NSCLCs in cBioPortal database. On the basis of combined prevalence of each
mutation the odds of coincidental cooccurrence is 1.52E-37.
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Histologic comparison

Complete overlap in morphologic features

¢ Distinct histology without solid or

micropapillary patterns in either tumor Other or judged as equivocal by a pathologist
¢ Either tumor AIS/MIA/lepidic-predominant

A

Intrapulmonary
metastasis
(IPMs)

Figure5.

Separate
Primary
Lung
Carcinomas
(SPLCs)

A 4

Molecular profiling

Non comprehensive NGS or
small panel for major driver Comprehensive NGS

i

alterations

e Each tumor with
distinct driver

e Driver in one/absent
in the other?!

* One shared alteration®
>2 shared somatic alterations? e Both tumors driver
negative*

Flowchart for classification of multiple NCSLC using histology*and NGS. *Histologic
features may not be sufficiently distinctive for squamous cell carcinoma. Molecular testing
should be performed for all cases. 1, this scenario supports SPLCs only if adequate tumor
content has been confirmed histologically in the driver-negative tumor (see Supplementary
Materials and Method 2 for details). 2, applicable to NGS only but not major driver-only
testing. 3, if only a single alteration is shared, the degree to which this supports IPMs should
be determined on the basis of prevalence of that alterations in a given population as well as
overall clinicoradiologic context (see Supplementary Materials and Method 2 for details). 4,
driver negative in both tumors would benefit from broad panel NGS for comprehensive
comparison of mutation profiles (see Supplementary Materials and Method 2 for details).
AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma.
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