Corresponding author: udayan.
guha@nih.gov

This article is distributed under
the terms of the Creative
Commons Attribution-
NonCommercial License, which
permits reuse and redistribution,
except for commercial purposes,
provided that the original author
and source are credited.

Ontology terms: neoplasm of
the lung

Published by Cold Spring Harbor
Laboratory Press

doi: 10.1101/mcs.a001263

COLD SPRING HARBOR

Molecular Case Studies

RESEARCH ARTICLE

Genomic profiling of multiple
sequentially acquired tumor metastatic
sites from an “exceptional responder”
lung adenocarcinoma patient reveals
extensive genomic heterogeneity and
novel somatic variants driving
treatment response

Romi Biswas,"'° Shaojian Gao,"'° Constance M. Cultraro,’'° Tapan K. Maity,"
Abhilash Venugopalan,' Zied Abdullaev,? Alexey K. Shaytan,® Corey A. Carter,*
Anish Thomas," Arun Rajan,1 Young Song,5 Stephanie Pitts,” Kevin Chen,’

Sara Bass,® Joseph Boland,® Ken-Ichi Hanada,” Jingiu Chen,® Paul S. Meltzer,’
Anna R. Panchenko,® James C. Yang,” Svetlana Pack,? Giuseppe Giaccone,’
David S. Schrump,” Javed Khan,” and Udayan Guha'

"Thoracic and Gastrointestinal Oncology Branch, Center for Cancer Research, National Cancer Institute,
Bethesda, Maryland 20892, USA, 2Laboratory of Pathology, Center for Cancer Research, National Cancer
Institute, Bethesda, Maryland 20892, USA,; 3National Center for Biotechnology Information, National Library of
Medicine, National Institutes of Health, Bethesda, Maryland 20894, USA, 4Walter Reed National Military
Medical Center, Bethesda, Maryland 20889, USA, 5Genetics Branch, Center for Cancer Research, National
Cancer Institute, Bethesda, Maryland 20892, USA, ®Cancer Genomics Research Laboratory, Division of Cancer
Epidemiology and Genetics, National Cancer Institute, Gaithersburg, Maryland 20848, USA; ’Surgery Branch,
Center for Cancer Research, National Cancer Institute, Bethesda, Maryland 20892, USA, 8Laboratory of Cell
Biology, Center for Cancer Research, National Cancer Institute, Bethesda, Maryland 20892, USA; ?Lombardi
Comprehensive Cancer Center, Georgetown University, Washington, D.C. 20057, USA

Abstract We used next-generation sequencing to identify somatic alterations in multiple
metastatic sites from an “exceptional responder” lung adenocarcinoma patient during his
7-yr course of ERBB2-directed therapies. The degree of heterogeneity was unprec-
edented, with ~1% similarity between somatic alterations of the lung and lymph nodes.
One novel translocation, PLAGT-ACTA2, present in both sites, up-regulated ACTA2
expression. ERBB2, the predominant driver oncogene, was amplified in both sites, more
pronounced in the lung, and harbored an L869R mutation in the lymph node. Functional
studies showed increased proliferation, migration, metastasis, and resistance to ERBB2-
directed therapy because of L869R mutation and increased migration because of ACTA2
overexpression. Within the lung, a nonfunctional CDK12, due to a novel G879V mutation,
correlated with down-regulation of DNA damage response genes, causing genomic
instability, and sensitivity to chemotherapy. We propose a model whereby a subclone
metastasized early from the primary site and evolved independently in lymph nodes.

[Supplemental material is available for this article.]
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WGS of lung adenocarcinoma metastatic sites

INTRODUCTION

Lung cancer is the most common cause of cancer-related death globally (Ferlay et al. 2013).
A majority of lung cancers are categorized as non-small-cell lung cancer (NSCLC), and ade-
nocarcinoma is the most prevalent NSCLC histology. Smoking-associated NSCLC is one of
the cancers with the highest mutation rate because of the mutagens involved (Alexandrov
etal. 2013; Vogelstein et al. 2013). However, many lung cancers are diagnosed in nonsmok-
ers (Subramanian and Govindan 2007). Recent studies have shown that epidermal growth
factor receptor (EGFR) tyrosine kinase (TK) domain mutations and chromosomal rearrange-
ments involving the echinoderm microtubule-associated protein-like 4 and anaplastic lym-
phoma kinase (EML4-ALK) are prevalent in never-smoker lung adenocarcinoma patients
(Shigematsu et al. 2005; Soda et al. 2007). Tumors harboring these changes often show dra-
matic initial responses to treatment with EGFR tyrosine kinase inhibitors (EGFR-TKIs) (Lynch
et al. 2004) or to ALK kinase inhibitors (Soda et al. 2007; Takeuchi et al. 2012). This has gen-
erated interest in using molecular profiling to provide NSCLC patients with personalized
treatment (Thomas et al. 2013). The rapidly decreasing cost of next-generation sequencing
technologies has facilitated several recent high-throughput sequencing studies (Vignot et al.
2013) aimed at unveiling the genomic alterations that may drive NSCLC tumor development
(Ding et al. 2008; Lee et al. 2010; Govindan et al. 2012; Imielinski et al. 2012; The Cancer
Genome Atlas Research Network 2014). Studies have validated gene mutations and rear-
rangements commonly found in lung adenocarcinoma and have also uncovered new alter-
ations that may be potential therapeutic targets (Imielinski et al. 2012; The Cancer Genome
Atlas Research Network 2014). Although these studies use large cohorts, they rarely find a
single event consistently linked to a majority of the cancer patients, which clearly points to
the complexity of lung cancer development.

We used next-generation DNA sequencing to analyze whole genomes, exomes, or spe-
cific genes froma patientwith stage IV lung adenocarcinoma over his 7-yr course of treatment.
We initially sequenced the metastatic lung tumor and lymph node genomes, then performed
exome sequencing on the original formalin-fixed paraffin-embedded (FFPE) diagnostic lung
tumor biopsy, and used lon Torrent targeted deep resequencing to analyze several additional
metastatic lymph nodes procured by excisional biopsy at different time points, including at
autopsy. Only two somatic nonsilent single-nucleotide variants (SNVs) in PHKG 1 and CTSG
and one novel translocation involving PLAGT and ACTAZ2 were present in both lung tumors
and the metastatic lymph nodes. However, amajority of the somatic SNVsin the original lymph
node biopsy were also present in subsequent metastatic lymph node biopsies, even several
years later. Here we report several novel somatic alterations in some key cancer-related genes,
and copy number gain and loss of genes involved in cell cycle progression and inhibition, re-
spectively. Although the extent of genomic heterogeneity between the two tumor sites was
quite high, it appears that the same key pathways and cancer hallmarks were impacted.

RESULTS

Case Description

A 50-yr-old African—~American male never-smoker was diagnosed with stage IV lung adeno-
carcinoma in November 2007. Initially, he received standard first-line chemotherapy with
limited success, followed by erlotinib, with no response. In December 2008, he enrolled
in a National Cancer Institute (NCI) clinical trial for a second-generation irreversible panhu-
man EGFR tyrosine kinase inhibitor to which he responded, for a short duration. A case report
was published (Kelly et al. 2010) and subsequently updated (Kelly et al. 2012). Here, we pre-
sent a 7-yr treatment time line (Fig. 1A). Subsequent to progression on dacomitinib, he was
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Figure 1. Treatment and tumor acquisition time line and summary of whole-genome sequencing (WGS) data
analyses. (A) The time line of treatment history is indicated by the vertical lines along the green bar with names
of the drug used at each approximate time point. (Legend continues on following page.)
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treated for 6 wk with single agent trastuzumab and progressed slightly; then trastuzumab
with vinorelbine for 18 mo; single agent lapatinib for 2 mo; a combination of lapatinib
with successive use of capecitabine, nab-paclitaxel, pemetrexed for about a year; pertuzu-
mab, combined with trastuzumab and docetaxel for another year; single agent trastuzumab
emtansine with quick progression; trastuzumab combined with pertuzumab and afatinib with
quick progression; and finally trastuzumalb combined with vinorelbine and everolimus for
about a year. As part of an NCI molecular profiling study, the patient underwent serial biop-
sies and had several metastatic lymph nodes removed along the course of his treatment
(LN1-10; Fig. 1A). In addition, he underwent a lung wedge resection to eradicate a major
progressive lesion in the left lower lobe (L). We obtained an FFPE specimen from the original
computed tomography (CT)-guided lung tumor biopsy (LBX), which provided little tissue.
Most importantly, the patient continued to have a good performance status and quality of
life throughout his treatment. Unfortunately, in early 2015, he died of heart failure, a compli-
cation likely resulting from the preparative regimen for tumor-infiltrating lymphocyte (TIL) im-
munotherapy in another clinical study at the National Institutes of Health (NIH) Clinical
Center. Interestingly, at autopsy no tumor tissue was found in his lung, suggesting his met-
astatic disease was eventually controlled in the lung. However, there was tumor infiltration in
multiple lymph nodes, and five metastatic lymph nodes were obtained at autopsy for further
studies (LN6-10; Fig. 1A). Contrary to all expectations, our patient survived >8 yr with met-
astatic lung adenocarcinoma and hence can be considered an “exceptional responder.”

Summary of Whole-Genome and Whole-Exome Sequencing Data

We sought to identify temporal genomic alterations driving progression of specific metasta-
tic sites during the course of treatment to determine how tumor heterogeneity impacts treat-
ment response. First, we performed whole-genome sequencing (WGS) on two sequentially
acquired metastatic sites; a right cervical lymph node biopsy from May 2011 (LN1) when his
disease progressed on lapatinib and a lung wedge resection from November 2011 (L) after
he again progressed on lapatinib combined with capecitabine (Fig. 1A). WGS was also per-
formed on normal blood mononuclear cell DNA to exclude germline variants. We later per-
formed whole-exome sequencing (WES) on DNA extracted from the original diagnostic
FFPE LBX and whole blood as normal control to determine somatic alterations present be-
fore treatment was initiated.

Paired-end 100-bp reads were generated by Illumina’s Genome Network Services
through a contract with Knome Inc. Sequencing libraries from blood, lung tumor, and met-
astatic lymph node genomic DNA had mean estimated insert sizes of 326-343 bp with SD of
16-24 bp. Atotal of 126.7, 123.3, and 147.1 GB of sequencing data were generated for the
normal, lung tumor, and metastatic lymph node samples, resulting in 91.2%, 95.1%, and

Figure 1. (Continued) The duration of the treatment and/or the response times are indicated by the lower
horizontal arrows. Tumor biopsies were taken at each time point (red x) with the date (orange box); sample
description below, sample names in parentheses. Venn diagrams show the common somatic single-nucleotide
variants (SNVs) (B) and indels (C) identified by Strelka in lung tumor (L) and lymph node (LN 1) metastasis ge-
nomes. (D) The Circos plot shows some of the validated key somatic alterations identified by WGS. The outer
circle depicts each chromosome and its cytobands. Genes that carry key nonsynonymous mutations (dot in
second circle; black, lung tumor only; green, lymph node only; and magenta, both) or the translocation break-
points (no dot in the second circle; dark blue, lung tumor only; orange, lymph node only; and magenta, both)
are marked with their respective chromosomal positions. Copy-number variations (CNVs) are shown as histo-
gram plots from analysis of WGS data (two inner circles of lung tumor in the outercircle, and lymph node in the
inner circle; green shows copy-number gains and red shows copy-number losses). Identified interchromosom-
al translocation events are depicted as links inside the plots (dark blue, lung tumor; orange, lymph node; and
magenta, both). WES, whole-exome sequencing; TILs, tumor-infiltrating lymphocytes.
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93.2% of the bases (>Q30) aligned to the non-N human reference human genome hg19
(National Center for Biotechnology Information [NCBI] build 37), respectively. The aligned
bases generated non-N reference mean coverage of 35.9x, 40.3x, and 41.4x for the normal,
lung tumor, and metastatic lymph node samples, respectively. The quality of the sequencing
data was further confirmed by the high concordance of single-nucleotide polymorphisms
(SNPs) identified by genotyping SNP arrays (HumanOmni2.5-8v1), at 99.23%, 98.43%,
and 99.24% for normal, lung tumor, and metastatic lymph node, respectively (Supplemental
Table S1). We identified distinct genomic alterations between the lung tumor and metastatic
lymph node genomes as SNVs, short insertions and deletions (indels), CNVs, and structural
variations (SVs) (Fig. 1B-D). Only 117 of all somatic SNVs and seven of all somatic indels
(<1%) were common between the lung and lymph node metastatic sites. We detected sig-
nificantly more regions of CNVs in the lung tumor (L) when compared with the metastatic
lymph node (LN1) using the matched normal genome as a reference (Supplemental Table
S2). A majority of the CNV regions detected by WGS showed concordance with array-com-
parative genomic hybridization (aCGH) data (Supplemental Fig. S1).

The WES of DNA extracted from diagnostic lung biopsy FFPE tumor tissue generated a
coverage of ~50x for the tumor biopsy sample, yet only ~60% of the targets reached a cov-
erage of 30x because of the higher duplication rate (~56%) in the library constructed from
the FFPE sample. WES revealed 323 highly confident somatic SNVs and 83 indels by
Strelka (Saunders et al. 2012). One hundred and twenty-nine SNVs and 40 indels were pre-
sumed functionally important (missense, nonsense, and splicing sites). Thirty-five SNVs and
two indels were common between the WES data on the original LBX and the WGS data on
the lung tumor (L) (Supplemental Table S3). Furthermore, the total mutation burden was
approximately similar among all three samples (LBX, L, and LN1) as assessed by the total
number of somatic coding region nonsynonymous SNVs and indels (LBX=169; L=151;
LN1 =144).

Identification and Validation of Somatic Chromosomal Rearrangements

We used the WGS data to identify somatic chromosomal rearrangements or structural vari-
ants (SV). To reduce false positives, we used both BreakDancer (Chen et al. 2009) and CREST
(Clipping Reveals Structure; Wang et al. 2011) to identify putative large SVs (see
Supplemental Methods). We identified eight interchromosomal translocations in the lung tu-
mor and 10 in the metastatic lymph node and one intrachromosomal translocation in the
lung tumor. A majority of these translocations have one or both breakpoints within a gene
region (Fig. 1D). We used polymerase chain reaction (PCR) and Sanger sequencing to vali-
date and further characterize the rearrangements. Using genomic DNA, PCR products of
predicted size were obtained for all 18 interchromosomal rearrangements, and the break-
point sequence was confirmed by Sanger sequencing (Supplemental Figs. S2, S3; Supple-
mental Table S4). The mutual exclusivity for all but one of the rearrangements was verified.
The somatic rearrangement common to both sites was the translocation, Chr8:57120269-
Chr10:90709142 (PLAGT1-ACTA2). We also detected this translocation in the diagnostic
LBX and additional metastatic lymph nodes (LN2-8) (Figs. 1A and 3). Thus, we identified
and validated 18 translocations: one common to both the lung tumor and the metastatic
lymph node, seven only in the lung tumor, and 10 unique to the lymph node.

We next examined the potential of these translocations to synthesize fusion transcripts. In
most cases, the rearrangements had junctions within intergenic regions or had only one side
in a gene region, and in a few cases where fusions were within introns, transcription was ei-
ther head to head or tail to tail and not expected to produce a fusion transcript. However,
three translocations had junctions within introns, and the RNAs for both genes were tran-
scribed in tandem and capable of producing a fusion transcript and protein. These were
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PLAG1-ACTAZ2, which was present in both the lung (L) tumor and lymph node (LN 1), and two
translocations exclusive to the lung tumor (L), PPMTL-SASH1 (Chr3:160497007-
Chr6:148755717), and ARFGEF-BAGALNT3 (Chr6:138500192—-Chr12:583642).

Structure, Expression, and Functional Analyses of the PLAG1-ACTA2 Translocation

We used fluorescence in situ hybridization (FISH) together with cDNA PCR and cellular as-
says to better characterize PLAG1-ACTAZ2. This translocation juxtaposes 5’ PLAGT within in-
tron one to ACTAZ2 intron two and downstream (Fig. 2A,B). We performed two-color FISH on
tumor tissue sections from the resected left lower lung mass (L), two biopsied lymph nodes
(LN1 and LN2), and two lymph nodes obtained at the autopsy (LNé and LN7) using a spec-
trum gold-labeled 5" PLAGT combined with a spectrum red-labeled 3" ACTA2 BAC probe.
Colocalized PLAG1-5" (gold)-ACTAZ2-3' (red) signals were present in all samples (Fig. 2C).
Moreover, PLAG1-5', ACTA2-3', and the PLAG1-ACTAZ fusion were amplified in the lung
and metastatic lymph nodes (three to six copies of the fusion per cell). ACTAZ and PLAG1
break-apart FISH further confirmed these results (Supplemental Fig. S4A).

PLAG1-ACTAZ is expected to produce a transcript with PLAG1 exon 1 joined to ACTA2
exon 3 (Fig. 2A). We used cDNA PCR and quantitative real-time PCR (qPCR) to compare
PLAG1-ACTAZ expression to that of the wild-type alleles (Fig. 2D-F). Both assays showed
that PLAG1-ACTAZ levels in both the lung tumor and lymph node metastases were much
higher than either PLAG1 or ACTAZ2 alone, suggesting expression of PLAG1-ACTAZ2 was
deregulated. Results of Sanger sequencing across the exon junction were consistent with
the predicted structure of this transcript (Fig. 2E). We next confirmed expression of the en-
tire PLAG1-ACTA2 ORF (Supplemental Fig. S4B). Because translation is normally initiated
within ACTAZ exon 3 and within PLAGT exon 4, this transcript may not generate a
PLAG1-ACTA2 fusion protein. However, within the fusion transcript, there is an ATG in
PLAG1T exon 1 that is in-frame with the canonical ATG within ACTA2 exon 3, which has
the potential to encode an additional 13 missense amino acids (MLKPRESCEAAPA) amino
terminal to ACTA2. Both ATGs occur in an adequate translational context (RNNatgY), and
because translation normally initiates at the first adequate ATG, it is possible that the up-
stream ATG is used (Kozak 1996). To gain insight into the functional consequences of
the PLAG1-ACTAZ translocation, we expressed ACTA2 and PLAG1-ACTA2 (encompassing
the upstream in-frame PLAG1 ATG) in the immortalized lung epithelial cell line, HPL1D.
Western immunoblots show that expression of both ACTA2 and PLAG1-ACTA2 were similar
but considerably higher than endogenous ACTA2 (Fig. 2G), in agreement with gPCR results
(Supplemental Fig. S4C). ACTAZ2 has been implicated in promoting migration and metasta-
sis (Lee et al. 2013). HPL1D cells overexpressing either the ACTA2 or PLAG1-ACTAZ2 trans-
gene displayed increased chemotaxis and invasion through Matrigel, and PLAG1-ACTA2
appeared to be functionally indistinguishable from ACTA2 (Fig. 2H,I; Supplemental Fig.
S4D). Taken together, these results suggest that the impact of this fusion event may indeed
be the transcriptional deregulation of ACTAZ resulting in the overexpression of ACTA2 and
increased metastatic potential.

Somatic Variant Analysis

We identified a total of 14,592 nonsynonymous SNVs and 695 indels in the three genomes.
94.6% of the SNVs and 85.3% of the indels are in the Database for Short Genetic Variations
(dbSNP) release 137; whereas 12.2% of SNVs and 33.4% of indels are in the Catalogue of
Somatic Mutations in Cancer (COSMIC) database (version 67). Using Strelka for somatic var-
iant calling, we identified 17,504 somatic SNVs and 685 indels in the lung tumor, and 14,013
somatic SNVs and 411 indels in the metastatic lymph node. Surprisingly, there was little over-
lap in the somatic variants identified in the two genomes; only 117 SNVs and seven indels
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Figure 2. PLAG1-ACTAZtranslocation deregulates ACTAZ expression in both the lung tumor and lymph node
metastases and increases lung epithelial cellular migration and invasion. (A) Schematic representation of
PLAG1, ACTA2, and PLAG1-ACTAZ2 genomic structure with polymerase chain reaction (PCR) primer positions
indicated. An exon 1 forward primer (E1FP) and an exon 3 reverse primer (E3RP) were used for PLAG1, an exon
2 forward primer (E2FP) and an exon 4 reverse primer (E4RP) were used for ACTAZ2, and a PLAGT E1FP and an
ACTAZ2 E3RP were used to PCR PLAG 1-ACTAZ2 from cDNA. (B) Chromatogram obtained from Sanger sequenc-
ing of genomic DNA (Supplementary Fig. S) showing breakpoint region and direction of transcription. (C)
Dual-color fluorescence in situ hybridization (FISH) showing PLAG1-ACTAZ2 gene fusion (5PLAGT, gold;
3'’ACTA2, red fluorescence signals) present in L, NSCLC (non-small-cell lung cancer), lung wedge, 2011;
LN1, right cervical lymph node biopsy, 2011; LN2, right cervical lymph node biopsy, 2013; LN6 and LN7, au-
topsy material, 2015. (D) Gel image shows high level expression of PLAG1-ACTAZ2 in both lung and lymph
node (right panel) when compared with expression of untranslocated PLAGZ2 (left panel) and ACTA2 V2 (mid-
dle panel). ACTA2 V2, PLAG1, and PLAG1-ACTAZ are not expressed in the HPL1D lung cell line control. (E)
Chromatogram obtained from Sanger sequencing shows the fusion of PLAG1 exon 1 to ACTA2 exon 3 in the
transcript and two potential translation initiation codons: canonical ACTA2 ATG and upstream, in-frame
PLAG1ATG. (F) Expression of PLAG1, ACTA2, and PLAG 1-ACTAZ2 in the lung tumor, metastatic lymph nodes,
and HPL1D lung cell line control were determined by quantitative reverse transcription (RT)-PCR with POLR2A
mRNA as an endogenous control. Samples were analyzed in quadruplicate, and values were expressed as the
mean * SD. (G) Western blot analysis of lysates of HPL1D cells with stable expression of ACTA2 or PLAG1-
ACTA2. (H) Increased chemotaxis of HPL1D cells with stable expression of ACTA2 or PLAG1-ACTA2.
(I) Increased Matrigel invasion of HPL1D cells with stable expression of ACTA2 or PLAG1-ACTA2.
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(Fig. 1B,C; Supplemental Table S5A,B). Among the highly confident coding region somatic
variants, 187 SNVs and seven indels were identified in the lung tumor, and 183 somatic SNVs
and five indels were in the metastatic lymph node (Supplemental Table S5C,D). These num-
bers and the mutational spectrum in the lung tumor coding regions were similar to those
found in other lifelong nonsmoker lung adenocarcinoma (LUAD) patients (Kandoth et al.
2013). However, the metastatic lymph node had a much different mutational spectrum,
with higher A>G transition and A>T transversion frequencies but lower C>T transition
frequency compared with the lung tumor (Supplemental Fig. S5). Among the functionally im-
portant somatic coding region SNVs (missense, nonsense, and splice sites) and indels iden-
tified by Strelka, 142 in lung tumor and 137 in metastatic lymph node, only three of the point
mutations, PHKGT (NM_006213:c.1120C>T; p.A309T, COSMIC ID: COSM1090959),
FAM20C (NM_020223:¢c.1181T>G; p.L317R), and CTSG (NM_001911:c.263C>T; p.A76T),
and no indels were common to both genomes (Table 1).

lon Torrent Targeted Resequencing of Identified Somatic Variants

To confirm the somatic SNVs and indels identified by WGS, we used the lon Torrent Personal
Genome Machine (PGM) to resequence, at higher depth, DNA from blood, the original tu-
mor samples (L, LN1), and a lymph node metastasis collected in May 2011 (LN2), all at
2900x-4400x depth, and another series of lymph node excisional biopsies from later
time points (LN3-LN10) at 1500x-2100x. Of the 277 sites validated on the lon AmpliSeq
Custom Panel, 142 were unique to the lung tumor, 137 were found only in the lymph
node metastasis, and three were common to both. Of these, five were missed by the panel
design (98% are on target). Of all the on-chip variant sites, using the criteria of >5% variant
allele frequency and >100x coverage, 133 and 128 variant sites (~93%) were confirmed in
the lung tumor (L) and lymph node metastasis, respectively (Fig. 3; Supplemental Table
S6A,B). One from each of L and LN1 was confirmed to be germline mutations. Interestingly,
of all the additional lymph node metastases we resequenced, the concordance among them
ranged from 94% (LN10) to 43% (LN8). PHKG 1 and CTSG, two of the three common variants
identified by WGS, were confirmed in all samples.

Expression of Gene Variants in the Lung Tumor and/or Metastatic Lymph Node

We used cDNA PCR and Sanger sequencing to further verify and characterize a subset of
nonsynonymous coding region SNVs and indels originally identified by WGS. We focused
on 20 mutations (three germline and 17 somatic). All 19 genes (one gene has two mutations)
were expressed, although at different levels, in both the lung tumor and lymph node
(Supplemental Fig. S6). Of the two somatic SNVs common to both tissues, PHKG1-A309T
was the only gene expressing the mutated form (Supplemental Fig. S7A). Of the 10 somatic
mutations found only in the lung tumor (L), we saw expression of the mutated allele for five
genes: MET-Del S203, CDK12-G879V, TP53-Del E339-F341, ROS1-S1581F, and HIP1-S
866P (Figs. 4D; 6E; Supplemental Fig. S7B). Of the four somatically mutated genes found
only in the lymph node (LN1), we saw expression of the mutated allele for three genes:
ERBB2-L869R, MLL3-S2663*, and NF2 -G43V (Fig. 4C; Supplemental Fig. S7C).

CDK12 and ERBB2 Mutation, Amplification, and Overexpression

CDK12 and ERBB2 were amplified in the lung tumor (L), and to a lesser extent in the meta-
static lymph node (LN1) (Figs. 1D, 4A). ERBBZ2 with an L869R mutation in the tyrosine kinase
domain was exclusive to and expressed in the lymph node (LN1), whereas CDK12 with a
G879V somatic mutation within the conserved DFG motif in the protein kinase domain
was exclusive to and expressed in the lung tumor (L). We used Sanger sequencing to verify
expression of the mutated genes and qPCR to more accurately assess their overall
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Figure 3. Validation of all nonsilent somatic variants identified by whole-genome sequencing (WGS) with
exome and targeted sequencing and by polymerase chain reaction (PCR)/Sanger sequencing for PLAG1-
ACTAZ translocation. Heatmaps show the presence of variants (green, lung tumor only; blue, lymph node
only; orange, both), the absence of variants (light gray), and the presence/absence cannot be determined
(white) because of low or lack of coverage at each somatic variant site in lung tumor (A) and lymph node me-
tastases (B) as assessed by targeted lon Torrent deep resequencing or by exome sequencing (lung tumor bi-
opsy [LBX] only), and by PCR/Sanger sequencing (for PLAGT-ACTAZ2 translocation in orange). Genes carrying
mutations are labeled on the left edges, and the cancer genes are marked with an asterisk (*) on the side.
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Figure 4. CDK12 and ERBB2 are coamplified and overexpressed but display a different mutation pattern in
both metastatic sites. (A) Region with high-copy-numberampilification in the lung tumor (L; red) and metastatic
lymph node (LN1; blue) as assessed by copy-number variation sequencing (CNV-seq) analysis of WGS data.
Arrows indicate the approximate locations for ERBB2 and CDK12. (B) CDK12 and ERBB2 expression levels
in the lung tumor, lymph nodes, and HPL1D lung cell line control were determined by quantitative reverse
transcription—polymerase chain reaction (RT-PCR) with POLR2A mRNA as an endogenous control. Samples
were analyzed in quadruplicate, and values expressed as the mean = SD. (C) Chromatogram obtained from
Sanger sequencing of cDNA shows that ERBB2 with a somatic T>G (CtG to CgG: leucine to arginine) mutation
is expressed in the metastatic lymph node. (D) Chromatogram obtained from Sanger sequencing of cDNA
shows that CDK12 with a somatic G>T (GgA to GtA: glycine to valine) mutation is expressed in the lung tumor.
(E) Effects of G879V mutation on the active conformation of CDK12. (Top) Active conformation of CDK12 with
cyclin K (PDB ID 4CXA chains A, B) and mutated structure are superimposed in the same orientation and are
colored as follows: aC-helix, activation loop, and ATP-like compound are highlighted in pink, green, and cyan,
respectively; the residue G879 and its mutated version V879 are shown in red and blue, respectively; the side
chains of amino acids that interact with the G879V site are shown in yellow. Sequence representation is shown
below. Region of CDK12 sequence (760-900): Residues interacting with the point mutation site are highlight-
ed by yellow; the mutation site is highlighted in red. (F) Expression of CDK12-regulated DNA repair genes in
the lung tumor, metastatic lymph nodes, and HPL1D lung cell line control were determined by quantitative RT-
PCR with POLR2A mRNA as an endogenous control. Samples were analyzed in quadruplicate, and values ex-
pressed as the mean + SD.
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expression levels in both tumors. Consistent with their amplification profiles, CDK12 and
ERBB2 were more highly overexpressed in the lung tumor (L) when compared with the met-
astatic lymph nodes (LN1 and LN2). Moreover, expression of these genes was higherin LN1,
which was resected 2.5 yr before LN2 and 6 mo before the lung tumor (Fig. 4B-D). Thus, the
lung tumor overexpressed a potentially nonfunctional CDK12 variant, whereas the metasta-
tic lymph nodes expressed lower levels of wild-type CDK12. On the other hand, the lung tu-
mor expressed higher levels of wild-type ERBB2, whereas the metastatic lymph nodes
expressed lower levels of an ERBB2 variant harboring a kinase domain mutation, predicted
to be constitutively active.

Molecular modeling shows that the G879V mutation in the active conformation of
CDK12 perturbs interactions with residues D877, E774, R773, and T770. Because this muta-
tion introduces a bulky amino acid side chain into the structure, itis likely that the G879V mu-
tation will cause local rearrangement of the structure (Fig. 4E). The estimations of changes in
free energy of unfolding upon G879V mutation (1.6 kcal/mol) suggest that the mutation may
destabilize the known active structure of CDK12.

CDK12 is a transcriptional cyclin-dependent kinase that controls elongation of long com-
plex genes, many of which are involved in DNA damage repair (DDR) (Blazek et al. 2011;
Joshi et al. 2014). Analysis of The Cancer Genome Atlas (TCGA) high-grade serous ovarian
carcinoma revealed a coordinated down-regulation of DDR genes in patients with CDK12
mutations (Ekumi et al. 2015). Because our patient’s lung tumor expressed high levels of a
potentially nonfunctional CDK12, we wanted to determine if expression of these DDR genes
whose transcription is regulated by CDK12 differed between these two tissues. Results of
gPCR analyses (Fig. 4F) showed that indeed, in comparison to the metastatic lymph node,
the lung tumor expressed significantly lower levels of most of these DDR genes (BRCAT,
BRCA2, ATM, ATR, FANCI, TERF2, RAD51D, MDC1, ORC3).

Functional Characterization of ERBB2-L869R and Its Association
with Metastasis and Lapatinib Resistance

We first analyzed the published crystal structures of the active and inactive conformations of
the ERBB2 and EGFR complex with or without lapatinib (Supplemental Fig. S8A,B). The
L869R mutation in the inactive conformation of ERBB2 would perturb interactions with
E766, 1767, and E770. The potential for R869 to form salt bridges with E766 and E770 would
likely further stabilize this inactive conformation. The estimations of changes in free energy
upon mutation suggests that inactive conformations of EGFR1 and ERBB2 with lapatinib are
destabilized, which may correlate with increased lapatinib resistance observed in this study
(Supplemental Fig. S8C).

We sought to determine how this mutation affects ERBB2 function, particularly with re-
spect to growth, survival, migration, and sensitivity to the ERBB2 inhibitor, lapatinib. We
used the immortalized human mammary epithelial cell line, MCF10A, to overexpress either
ERBB2-WT or ERBB2-L869R. Both were overexpressed in MCF10A cells; however, the level
of mutant ERBB2 was consistently lower than ERBB2-WT (Fig. 5A). Interestingly, the ratio of
phospho-ERBB2 (pERBB?2) to total ERBB2 was higher in cells expressing mutant ERBB2 (Fig.
5B). Cells expressing either ERBB2-WT or ERBB2-L869R had a significantly accelerated
growth rate in complete medium (Fig. 5C). However, in serum-free medium, ERBB2-WT-ex-
pressing cells were growth-arrested, whereas the ERBB2-L869R-expressing cells continued
to grow (Fig. 5D). ERBB2-L869R-expressing cells also formed significantly more colonies
on tissue culture plates (Fig. 5E,F). When grown in dense cultures, cells expressing ERBB2
L869R formed foci of proliferating cells. When grown as colonies, a significant number of col-
onies expressing EGFR L869R showed elongated migratory cells in the periphery of the col-
onies (Supplemental Fig. S9A). We next studied the effects of this mutated protein on
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Figure 5. Functional consequences of ERBB2 L869R mutation. (Legend continues on following page.)
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chemotaxis and migration. Using a 3D transwell migration assay, we showed greater invasion
of ERBB2-L869R-expressing cells in comparison to ERBB2-WT (Fig. 5G,H). Similarly, 3D cul-
ture in Matrigel-containing basement membrane extract showed greater invasion and forma-
tion of complex acini in mutant ERBB2-expressing cells. These acinar cells in 3D culture
expressed more Ki67, suggesting increased proliferation and showed no significant change
in the apoptosis marker, caspase-3 (Fig. 5I). The mutant ERBB2-expressing cells were also
more migratory on plastic than cells expressing ERBB2-WT as evidenced by a wound healing
scratch assay (Fig. 5J,K). The migratory potential of ERBB2 L869R-expressing elongated cells
was also evident in the periphery of a subset of colonies formed in tissue culture plates
(Supplemental Fig. S9A). Because these migratory cells had characteristics of mesenchymal
cells, we examined epithelial and mesenchymal marker expression. Compared with ERBB2-
WT, ERBB2-L869R cells expressed decreased levels of E-cadherin and increased levels of N-
cadherin and fibronectin (Fig. 5L).

Our patient’s lymph nodes repeatedly progressed on ERBB2-directed therapies. Hence,
we interrogated the effects of overexpressed wild-type or mutant ERBB2 on erlotinib and
lapatinib sensitivity in 3D cultures. MCF10A vector control, ERBB2-WT, and mutant
ERBB2-overexpressing MCF10A cells were grown on 3D Matrigel for 20 d in the presence
of dimethyl sulfoxide (DMSO) (0.5%), erlotinib (3 pM), or lapatinib (5 uM), drugs which our
patient received during his course of treatment. Lapatinib inhibited the growth of both
ERBB2-WT- and ERBB2-L869R-expressing cells in 3D Matrigel (Supplemental Fig. S9B).
However, after 20 d in 3D culture, a fraction of ERBB2-L869R cells continued to grow.
These cells were maintained in lapatinib and allowed to grow for several more days to select

Figure 5. (Continued) (A,B) Expression of ERBB2 WT and ERBB2 L869R mutant in MCF10A cells results in in-
creased relative phosphorylation of ERBB2 L869R. Cell lysates of MCF10A cells expressing vector control,
ERBB2 WT, and ERBB2 L869R were resolved in sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE). The immunoblots were probed with indicated antibodies (A). Quantitation of the western blots
is represented by the bar graphs (B). (C,D) Increased proliferation of cells expressing ERBB2 L869R mutant.
MCF10A cells expressing the vector control, ERBB2 WT, and ERBB2 L869R were grown in complete growth
medium (C) or serum-free medium (D) in 96-well plates and counted every 2 d by a cell-titer glow assay.
The data represents +SD of five wells for each data point. (E,F) ERBB2 L869R mutant increases colony forma-
tion. MCF10A cells expressing vector control, ERBB2 WT, and ERBB2 L869R were grown in six-well plates (500
cells per well) for a colony formation assay. The bar graph (F) shows the number of colonies obtained. The data
are representative of three independent experiments. (G,H) ERBB2 L869R mutant increases Matrigel invasion.
MCF10A cells expressing vector control, ERBB2 WT, and ERBB2 L869R were grown on Matrigel-coated trans-
well chambers. In each well, 10° cells were seeded. The bar graph (H) shows the number of cells that invaded
through the Matrigel. The data are an average of triplicate wells. (/) The ERBB2 L869R mutant increases pro-
liferation and reduces apoptosis in 3D cultures of MCF10A cells. MCF10 cells expressing ERBB2 WT and
ERBB2 L869R were grown in basement membrane extract for 12 d. 3D colonies were fixed and stained for im-
munofluorescence with Ki67 and caspase-3-specific antibodies as indicated. DAPI was used for nuclear stain-
ing. (J,K) ERBB2 L869R mutant increases migration in a wound-healing assay. MCF10A cells grown in
monolayer expressing vector control, ERBB2 WT, and ERBB2 L869R were subjected to a scratch-induced
wound healing assay. The bar graph (K) represents quantitation of migration from three independent exper-
iments. (L) Expression of ERBB2 L869R mutant results in increased expression of mesenchymal markers, N-cad-
herin and fibronectin and reduced expression of epithelial marker, E-cadherin. Immunofluorescence stainings
with E-cadherin (green)-, N-cadherin (red)-, and fibronectin (green)-specific antibodies were performed, and
DAPI was used for nuclear counterstaining. (M) Glso determination of lapatinib-treated MCF10A cells express-
ing ERBB2 WT or ERBB2 L869R first grown in 3D culture in the presence of dimethyl sulfoxide (DMSO) (left) and
lapatinib (right). (N) Expression of EMT markers in MCF10A cells expressing vector control, ERBB2 WT, and
ERBB2 L869R treated with DMSO or rendered lapatinib resistant in 3D culture. (O-R) MCF10A cells expressing
ERBB2 L869R that are sensitive or resistant to lapatinib form xenograft tumors in nude mice. The lapatinib-re-
sistant ERBB2 L869R-expressing cells form larger tumors (O, P). There are increases in Kié7-positive proliferat-
ing cells and angiogenesis as evidenced by increased CD34 staining in lapatinib-resistant ERBB2 mutant
tumors (Q). Lapatinib-resistant ERBB2 mutant cells form significantly increased metastases in a tail-vein injec-
tion metastases assay (R). (***) P<0.001, (*) P<0.05.
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for resistant cells. ERBB2-WT-expressing cells had fewer cells growing in 3D culture, in the
presence of lapatinib. The lapatinib-resistant ERBB2-WT and ERBB2-L869R cells were
then isolated from the 3D culture and grown in 2D tissue culture plates in presence of lapa-
tinib. The lapatinib-resistant cells were designated as ERBB2-WT-L and ERBB2-L869R-L.
These 3D colonies were dissociated and plated for a Glsg analysis for lapatinib sensitivity.
The Glsg of mutant ERBB2-expressing MCF10A cells was ~1.5x that of ERBB2-WT-express-
ing cells and similar to vector control cells. We next determined the Glsg values of lapatinib-
resistant ERBB2-expressing cells. The Glsg, in the presence of lapatinib, for ERBB2-L869R-L
cells was about three times that of ERBB2-WT-L cells, confirming a greater resistance of mu-
tant ERBB2-expressing cells to lapatinib (Fig. 5M). This demonstrates that the ERBB2-L869R
cells were more resistant to lapatinib initially and their resistance increased even further after
selection in the presence of lapatinib in 3D followed by 2D culture system. Western blot anal-
ysis showed that lapatinib-resistant cells had increased expression of both ERBB2-WT and
ERBB2-L869R compared with cells grown in DMSO (Supplemental Fig. S10). Interestingly,
expression of the corresponding ERBB2 protein was higher in ERBB2-WT-L cells compared
with ERBB2-L869R-L cells. EGFR:ERBB2 heterodimers more potently (Hirsch et al. 2009) ac-
tivate EGFR tyrosine kinase than do EGFR homodimers. Consequently, there was increased
EGFR phosphorylation in ERBB2-L869R-expressing cells. We found increased phospholi-
pase-Cy (PLCy) phosphorylation consistent with ERBB2 overexpression increasing EGFR
phosphorylation at Y1173, which forms a docking site for PLCy (Hartman et al. 2013). In ad-
dition, there was increased ERK, AKT, and SRC phosphorylation, suggesting activation of
specific growth and survival signaling downstream from ERBB2/EGFR.

To further characterize these laptinib-resistant ERBB2 mutant cells, we analyzed the ex-
pression of epithelial-mesenchymal transition (EMT) markers at the transcript level. We saw
a significant reduction of E-cadherin expression and enhanced expression of mesenchymal
markers such as N-cadherin, vimentin, SNAI1, ZEB1, and ZEB2, demonstrating a strong
mesenchymal phenotype in ERBB2-L869R-L cells (Fig. 5N). These findings further substan-
tiate that upon lapatinib treatment, the ERBB2 mutant cells acquired an enhanced EMT phe-
notype. The lapatinib-resistant ERBB2 mutant cells showing the mesenchymal phenotype
may have increased metastatic potential and may form tumors in distant organs. MCF10A
cells overexpressing ERBB2-WT and ERBB2-L869R that were either sensitive or resistant
to lapatinib were injected in the flanks of nude mice to generate xenografts. Whereas the
ERBB2-WT cells failed to form tumors in these mice, the ERBB2-L869R-expressing cells
formed palpable tumors in 16 d. The mice were observed for a period of 30 d, and the
ERBB2-WT cells failed to form tumors. Interestingly, the ERBB2-L869R-L cells formed tumors
more rapidly and were larger in size than the tumors formed by ERBB2-L869R cells (Fig. 50,
P). Hematoxylin and eosin (H&E) staining showed that the ERBB2-L869R-L xenograft tumors
had more dense, hypercellular masses with spindle cells. Immunohistochemistry of the
ERBB2-L869R-L xenograft tumors showed an increase in CD34, a vascularization marker.
The ERBB2-L869R-L tumors also showed higher Kié7 staining, demonstrating increased tu-
mor cell proliferation (Fig. 5Q). We next interrogated the metastatic potential of the ERBB2-
L869R-L cells. MCF10A cells (5 x 10°) overexpressing ERBB2-L869R, either sensitive or resis-
tant to lapatinib, were injected into the tail veins of nude mice. Six weeks later lung
metastatic foci were identified. There were significantly more lung metastatic tumor foci
formed by lapatinib-resistant mutant ERBB2-expressing cells compared with the sensitive
cells (Fig. 5R).

Somatic Alterations in Cell Cycle Regulatory Genes

There was copy number loss of the cell cycle inhibitor CDKNZ2A in the lung tumor, whereas
both the lung tumor and lymph node displayed copy-number gains of two different cyclins,
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Figure 6. Cell cycle control and tumor suppressor function are disrupted by different mechanisms in both
metastatic sites. (A) Genomic regions encompassing CDKN2A, CCND1, and CCNE1 with copy-number
gains or losses in lung tumor (red) and metastatic lymph node (blue) as assessed by CNV-seq analysis of
WGS data. (B) Relative levels of CDKN2A, CCND1, and CCNE1 expression in the lung tumor and lymph
nodes were determined by quantitative RT-PCR using POLR2ZA mRNA as an endogenous control.
Samples were analyzed in quadruplicate, and values expressed as the mean = SD. (C) Region encompassing
TP53 with copy-number loss in the lung tumor (L-red) and focal loss of TP53 in the metastatic lymph node
(LN1-blue) as assessed by CNV-seq analysis of WGS data. (D) Expression of TP53 in the lung tumor and met-
astatic lymph nodes was determined by quantitative reverse transcription—polymerase chain reaction (RT-
PCR) with POLR2A mRNA as an endogenous control. Samples were analyzed in quadruplicate, and values
expressed as the mean = SD. (E) Chromatogram obtained from Sanger sequencing of cDNA shows that
TP53 with an in-frame 9-nt somatic deletion (Del EMF) is expressed in the lung tumor, whereas wild-type
TP53 is expressed in the lymph node.

both of which are involved in cell cycle progression. CCND1 was amplified in the lung tumor
and CCNE1 was amplified in the metastatic lymph node (Fig. 6A). We used gPCR analyses to
assess whether these copy number changes were reflected in the expression pattern of these
cell cycle regulators. In fact, the lung tumor expressed lower levels of CDKN2A and higher
levels of CCND1, whereas the metastatic lymph nodes expressed higher levels of CCNE1
(Fig. 6B). In addition to these cell cycle regulators, the tumor suppressor TP53 was affected
in both the lung tumor and lymph node metastases. The lung tumor displayed a region of
copy number loss encompassing TP53, whereas the lymph node showed a more focal
copy number loss of TP53 (Fig. 6C). Results of gPCR analyses show that expression of
TP53 was in fact lower in both metastatic lymph nodes in comparison to the lung tumor
(Fig. 6D). Although the lung tumor expressed higher levels of TP53, it possessed an in-frame
9 nucleotide (nt) deletion (Del E339-F341) within the homo-oligomerization domain (Fig.
6E). Therefore, the lung tumor expressed a potentially nonfunctional TP53, whereas the
lymph node expressed lower levels of a functional TP53. Taken together, results of these ex-
periments suggest that although these tumor tissues displayed a high degree of genomic
heterogeneity, deregulation of cell cycle regulatory genes and the TP53 tumor suppressor
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Figure 7. Schematic of key distinct somatic alterations in cell cycle-regulatory genes in the lung and lymph
node metastatic sites resulting in activation of a major cancer hallmark, cell proliferation.

may have disrupted cell cycle control and tumor suppressor function thus resulting in a sim-
ilar outcome (Fig. 7).

DISCUSSION

The prognosis of metastatic lung adenocarcinoma is extremely poor. During tumorigenesis,
cells acquire additional genetic or epigenetic changes, which allow for invasion and dissem-
ination of specific metastatic tumor cell clones. Thus, significant heterogeneity between a
primary tumor and metastatic lesions, as well as between various metastatic sites, is quite
likely and, as such, may influence treatment strategies (Campbell et al. 2010; Gerlinger
etal. 2012; Vignot et al. 2012; Fisher et al. 2013; Vogelstein et al. 2013). Here, we describe
a patient diagnosed with metastatic lung adenocarcinoma who survived in good perfor-
mance status >7 yr while undergoing multiple rounds of therapy. We used WGS, WES,
and targeted next-generation sequencing (NGS) on 10 separate metastatic lymph nodes
and two separate metastatic lung tumors obtained during his course of treatment, including
several metastatic lymph nodes obtained at autopsy. We discovered an unprecedented level
of heterogeneity between the lung and lymph node metastatic sites with <1% similarity in
SNVs and indels. It is conceivable that such extensive heterogeneity impacted our patient’s
treatment response.

We identified a novel translocation, PLAG1-ACTAZ2, that was common among all of the
lung and lymph node metastatic sites tested, suggesting that the resulting ACTAZ2 overex-
pression may have been an early event causing metastatic spread. FISH analyses revealed
copy-number gain in the lymph nodes obtained at autopsy. The copy number of the
untranslocated genes also increased over time. Break-apart FISH showed that the 3
PLAGT and 5" ACTAZ regions not involved in the translocation were retained, indicating
that they were also rearranged (Supplemental Fig. S4A). However, we were unable to
detect the reciprocal translocation by genomic PCR, suggesting that the rearrangement
was more complex. We designed a TagMan assay specific for the fusion transcript to use
in quantitative PCR assays. Expression of this fusion transcript, in both tumors, at levels con-
siderably higher than either untranslocated gene suggests that PLAG1-ACTAZ2 expression
was deregulated in both tumors. Low-level amplification, as demonstrated by FISH, may
not entirely account for the high-level expression of the fusion transcript, especially in
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the lung tumor and lymph node biopsies from 2011 where expression of the fusion tran-
script was at least 10-fold higher than either PLAGT or ACTAZ alone. However, in the lymph
node biopsy from 2013, there was up-regulation of ACTAZ2 and the difference in expression
between ACTA2 and the fusion transcript was less than twofold. The elevated expression of
ACTAZ has been implicated in increased metastatic potential and poor outcome in human
lung adenocarcinoma patients and the role of ACTA2 in these processes has been validat-
ed in vitro (Lee et al. 2012, 2013). We show that overexpression of PLAG1-ACTA2 in immor-
talized lung epithelial cells resulted in increased chemotaxis and migration (Fig. 2H,I;
Supplemental Fig. S4C,D).

We also found a second potentially interesting structural variant, PPM1L-SASH1. In con-
trast to PLAG1-ACTA2 which was common to both tumors, PPM1L-SASH1 was exclusive to
the lung tumor. PPM1L, SASH1, and the PPM1L-SASH1 fusion transcripts were expressed at
fairly high yet comparable levels in the lung tumor (Supplemental Fig. S11A-D). PPM1L and
SASH1 are both putative tumor suppressor genes: PPM1L is located on Chromosome 3 in a
copy-number-variable region (3g26) implicated in colorectal cancerand SASH1 is located on
Chromosome 6 in a region (6q23) whose allelic loss is associated with many solid tumors in-
cluding lung cancer (Zeller et al. 2003; Thean etal. 2010). PPM1L s a single-pass type | mem-
brane protein, whereas SASH1 is normally located within the nucleus or cytoplasm (Saito
etal. 2008; Martini et al. 2011). The PPM1L-SASH1 fusion juxtaposes the 133 amino-terminal
hydrophobic transmembrane domain of PPM1L onto amino acids 97-1247 of SASH1
(Supplemental Fig. ST11E). This fusion protein is expected to retain all the characterized func-
tional domains of SASH1, including two nuclear localization signals, but also has the poten-
tial of homing to the estrogen receptor (ER). Determining the cellular location of this fusion
protein will provide us with insight into the consequences of this translocation. If this fusion
protein is a membrane protein, this may be yet another mechanism by which a tumor sup-
pressor may become inactivated, by sequestration to an inappropriate cellular compart-
ment. Determining whether these novel translocations play a role in tumor development
and metastasis warrants further studly.

We identified three cancer genes with expressed germline SNVs, ABL1, ROS1, and RB1.
ROS1-N790S is a previously characterized SNP (rs34582164), and ABL1-P118S and RB1-Del
A13-15 are both novel mutations (Supplemental Fig. S12). Surprisingly, we found only three
nonsynonymous somatic SNVs that were common to the lung and the lymph node metastat-
ic sites; two were later confirmed by lon Torrent deep sequencing and neither are in the
COSMIC cancer gene census list. Although both of these genes were expressed in these tis-
sues, the mutated allele was expressed for only one of these genes. This gene encodes
phosphorylase kinase gamma 1 subunit (PHKG1), a protein involved in glycogen metabo-
lism. Although PHKG1 is not considered a cancer gene, this PHKG1-A309T point mutation
has been seen in endometrial cancer (COSM1090959). In addition, a SNP has been identi-
fied in PHKG1 (rs148231327) that results in an A309S mutation. The significance of this mu-
tation or the SNP described before at the same site remains to be determined. We found
novel somatic nonsynonymous mutations in several key genes implicated in lung adenocar-
cinoma (Govindan et al. 2012; Imielinski et al. 2012), which were not shared between the
lung and lymph node metastatic sites. We confirmed an ERBB2 amplification previously
identified by FISH in this patient (Kelly et al. 2012). The region encompassing ERBB2 was
more highly amplified in the lung tumor than in the lymph node (reads coverage ratio of
logy values of 4.7 vs. 1.0). However, the metastatic lymph node carried an L869R missense
mutation in ERBBZ2, reported to be homologous to the EGFRL861R sensitizing mutation (Lee
etal. 2006; Wu et al. 2011). ERBB2 may be the predominant driver oncogene in this patient
because of high-level amplification in the lung and amplification together with an activating
mutation in the lymph node. Functional studies also showed that ERBB2 L869R mutant can
drive EMT, more so upon developing lapatinib resistance. In agreement with these studies,
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we also show increased expression of several mesenchymal markers in the metastatic lymph
node when compared with the lung tumor (Supplemental Fig. S13).

Another gene within this shared amplified region encodes CDK12, a transcriptional cy-
clin-dependent kinase that in association with cyclin K regulates transcriptional elongation
of long complex genes, many of which are involved in the DDR (Blazek et al. 2011; Joshi
et al. 2014). In contrast to ERBB2, CDK12 was mutated (G879V) and highly amplified in
the lung tumor and not mutated, but moderately amplified in the lymph node. The
G879V point mutation falls within the conserved DFG motif in the CDK12 protein kinase
domain (Malumbres 2014). CDK12 harboring a point mutation within its DFG motif
(D877N) has been identified in a cholangiocarcinoma patient sample from TCGA, and a
CDK12 D877N expression construct has been used as a kinase dead control in various stud-
ies (Bosken et al. 2014). In one case, the D877N mutation reduced CDK12-mediated tran-
scriptional elongation and concurrently inhibited the expression of a number of DDR
genes (Joshi et al. 2014). Two independent analyses of TCGA high-grade serous ovarian car-
cinoma (HGS-OvCa) patient samples have provided additional insight into CDK12 function
(The Cancer Genome Atlas Research Network 2011). In one study, the authors propose that
CDK12 is a putative tumor suppressor gene in ovarian carcinoma because CDK12 mutations
were homozygous in seven out of 12 cases (Carter et al. 2012). In fact, we found that 941/944
WGS reads for the lung tumor sample were for the mutated CDK12. Taking into account the
presence of normal tissue contamination, CDK12 appears to be biallelically mutated in our
patient’s lung tumor. In another study, the authors found that samples containing CDK12
mutations showed a coordinated down-regulation of DDR genes (Ekumi et al. 2015). We per-
formed quantitative PCR and found that the lung tumor that carries the mutated CDK12 ex-
presses significantly lower levels in nine out of 11 of these DDR genes compared with the
lymph node. In fact, although BRCAT and BRCAZ2 were not affected in the CDK12 mutant
HGS-OvCa samples, their expression was reduced in our patient’s lung tumor sample.
Hence, the G879V mutation, specifically in this patient’s lung tumor, may explain the geno-
mic instability resulting in increased regions of amplification and deletion in the lung meta-
static site compared with the lymph node. More importantly, this mutation and the
associated reduced expression of key DDR genes may have accounted for the increased sen-
sitivity of the lung metastatic sites to the chemotherapy combination regimens used along
the course of this patient’s treatment. It is noteworthy that there were no metastatic sites
present in the lung at autopsy.

Our results reveal a striking difference in somatic copy-number alterations between
the lung tumor and the metastatic lymph node. The lung tumor displays significantly more
regions with copy-number amplifications and deletions (amplifications 258 vs. 72, and dele-
tions 116 vs. 9) (Supplemental Tables S2A,B). In the lung tumor genome, we used Strelka to
identify a large number of somatic variants with loss of heterozygosity (LOH) (SNVs and
indels heterozygous in normal blood, but homozygous in the tumor). There were 90,975
LOH SNVs and 757 LOH indels identified in the lung tumor genome, whereas only 826
and three were identified in the metastatic lymph node genome. Because a majority
(>90%) of these LOH sites are SNPs according to dbSNP version 137, these LOH sites
were most likely caused by CNVs in the tumor genomes. Intersecting the chromosomal
positions of these LOH sites with the CNV regions identified by Bayesian information
criterion sequencing (BIC-seq), a large portion (>33%) of the LOH SNVs and indels were
found in these CNV regions (Supplemental Tables S7A,B). Because this heterogeneity
could be due to disparity in tumor content between the two sites, we used CNAnorm
(Gusnanto et al. 2012) to determine tumor content. However, we found that the tumor
content in the lung tumor was ~56%, whereas the tumor content in the metastatic lymph
node was nearly 32% (Supplemental Fig. S14), indicating that differences in tumor content
cannot completely account for the heterogeneity we see and may be due to a higher degree
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of genomic instability in the lung tumor. Here we identified several regions with significant
copy-number alterations containing genes previously shown to harbor frequent copy-num-
ber alterations in lung adenocarcinoma (Imielinski et al. 2012). There were copy-number
gains for ERBB2 and CCND1 and copy-number loss for CDKN2A in the lung tumor. In the
lymph node, there were copy-number gains for ERBB2, MYC, and CCNE1 and copy-number
loss for TP53.

TP53 with a three-amino-acid deletion (E339-F341) within the tetramerization domain a-
helix was virtually the only form expressed in the lung tumor (Fig. 6E). In fact, 27 out of 35
WGS reads were of the mutated form, suggesting that this tumor suppressor may have
been biallelically mutated in this tumor. Somatic mutations within the TP53 tetramirization
domain are rare in cancer (Chene 2001; Kamada et al. 2015). However, TP53 tetramerization
is essential for DNA binding and transcriptional activity, as well as for a variety of its posttrans-
lational modifications and proteasome-mediated degradation (Pietenpol et al. 1994;
Kawaguchi et al. 2005; Itahana et al. 2009; Lang et al. 2014). Two out of three of the amino
acids deleted (M340 and F341) are hydrophobic residues previously shown to mediate TP53
tetramerization (Jeffrey et al. 1995; Kamada et al. 2011), suggesting that the TP53-Del E339-
F341 mutation may have resulted in diminished tumor suppressor function in this patient’s
lung tumor. Whereas TP53 was mutated in the lung tumor, a different tumor suppressor,
MLL3, was mutated in the lymph node. MLL3 with a C>A (S2663*) nonsense mutation is
expressed together with wild type in the lymph node. This mutated MLL3 encodes a truncat-
ed protein lacking the FY-rich and SET methyltransferase domains. MLL3 carboxy-terminal
truncation mutants exist in a variety of cancer types (COSMIC) including lung adenocarcino-
ma (Q2363*;, COSM364771 [Imielinski et al. 2012] and Q2635*;, COSM745879; TCGA-
39-5036-01). Parsons et al. found MLL2 and MLL3 inactivating mutations in 16% of medul-
loblastoma patients and also found that 3/88 have MLL3 truncating mutations predicted
to abolish key methyltransferase activity; they conclude that MLL3 is a tumor suppressor
gene inactivated by mutation (Parsons et al. 2011). Moreover, MLL3 haploinsufficiency, in co-
operation with NF1 suppression and TP53 deficiency, promoted acute myeloid leukemiain a
mouse model (Chen et al. 2014). Although our patient’s lymph node expressed roughly
equal proportions of both wild-type and truncated MLL3 (Supplemental Fig. S7C), this
may be sufficient, in the context of reduced TP53 levels (Fig. 6C,D) together with aberrant
signaling due to expression of a constitutively active ERBB2 (Fig. 4C) to impact his tumori-
genic phenotype.

A variety of resistance mechanisms have been described for the ERBB2-directed thera-
pies used in this study; most applicable to the treatment response of our patient are those
involving loss of cell cycle control. We saw deregulated expression of CDK4/6 regulatory
genes in the lung tumor via CDKN2A copy-number loss and decreased expression together
with copy-number gain and increased expression of CCND1. On the other hand, in the met-
astatic lymph node, the CDK2 pathway may have been affected by amplification and over-
expression of CCNE1. In models of acquired resistance to ERBB2-targeted therapies, cyclin
D1 was shown to be deregulated and CDK4/6 inhibition was effective at overcoming such
resistance (Witkiewicz et al. 2014). However, tumors with deregulated expression of
CCNE1 would be resistant to such targeted agents, suggesting that treatment with CDK2
inhibitors may be a valid strategy in such patients (Scaltriti et al. 2011).

Taken together, our findings provide additional evidence for heterogeneity among dif-
ferent tumor sites within one patient and elucidate how this may potentially impact the se-
lection of treatment strategies (Jamal-Hanjani et al. 2014). Although we saw such a high
degree of heterogeneity in our patient, there seems to have been selection for specific path-
ways. The novel PLAG1-ACTAZ2 translocation common to both disease sites may explain the
early metastatic spread in this patient. Thus, the lung and lymph node metastatic sites likely
evolved from two discrete clones that diverged quite early in the disease and progressed
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independently. The consistent responses to ERBB2-directed therapies, at least in combina-
tion treatments, suggest a driver role for ERBB2 in tumor development and/or metastasis.
CDK12 with the G879V mutation and the associated lower expression of DDR genes may
explain the sensitivity to chemotherapy and cure of the lung metastases in this patient.
On the other hand, resistance to HER2-directed therapies, perhaps due to CCNET amplifi-
cation, together with a functional DDR may explain why the lymph nodes were refractory to
combination treatments. Although the specific cell cycle regulatory genes affected by copy
number gains and losses differ between the lung tumor and lymph node, there is a common-
ality in the pathways involved. The ultimate effect of these changes would be disruption of
normal cell cycle regulation, a hallmark event in tumorigenesis (Fig. 7). This underscores the
importance of studying the impact of such extensive genomic heterogeneity in the context
of pathway alterations and specific hallmarks of tumorigenesis. It is clear, however, that un-
derstanding the genomic differences between primary and metastatic sites or between dif-
ferent metastatic sites will require the sequencing of a substantial number of matched tumor
genomes.

METHODS

Sample Preparation

Tumor samples were obtained, with written informed consent, from a patient who participat-
ed in a molecular profiling study at the National Cancer Institute (NCI). The metastatic tumor
tissues were collected from the left lung lower lobe wedge (L) and a PET avid right neck
lymph node resection (LN1), which were used for WGS. The surgically collected tumor tis-
sues were snap-frozen in liquid nitrogen, and a pathologist from a medical pathology labo-
ratory at NCI examined the tumor cellularity. The All Prep DNA/RNA/protein kit (QIAGEN)
was used to simultaneously isolate genomic DNA and total RNA from tumor samples and
the DNAeasy Blood and Tissue kit (QIAGEN) was used to isolate genomic DNA from blood.
The QlAamp DNA FFPE Tissue kit (QIAGEN) was used to purify DNA from the diagnostic
FFPE LBX. Time points of all tissue procurement are shown in Figure 1A.

Whole-Genome and Whole-Exome Sequencing

We performed WGS on metastatic tumor tissues collected from the left lower lobe lung
wedge (L) resection, a PET avid right neck lymph node resection (LN1), and whole blood
as normal control. WES was performed on the initial diagnostic FFPE LBX and whole blood
with the Agilent SureSelect Human All Exon V5 kit (Agilent Technologies). Paired-end se-
quencing was done on lllumina’s next-generation sequencing platforms (HiSeq2000 and
NextSeg500, lllumina). The sequence reads were aligned against the reference human ge-
nome (hg19) with BWA (Li et al. 2009) and further processed following GATK's best practice
pipeline (McKenna et al. 2010) (see Supplemental Methods for additional information).

Identification of Somatic Alterations in Tumors

Somatic SNVs and indels in the tumor exome and genomes were identified with Strelka
(Saunders et al. 2012). snpEff and snpSift (Cingolani et al. 2012) were used for variant func-
tional annotation and filtration. Somatic CNVs were analyzed using BIC-seq (Xi et al. 2011)
and CNV-seq (Xie and Tammi 2009). Somatic SVs were identified with BreakDancer (Chen
et al. 2009) and CREST (Wang et al. 2011). SVs identified by both BreakDancer and
CREST were chosen for further analyses. Array comparative genomic hybridization (aCGH)
was performed on both lung tumor (L) and metastatic lymph node (LN1) using Agilent’s
SurePrint G3 Human CGH Microarray kit, 180K (Agilent Technologies) (see Supplemental
Methods for additional information).
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Validation of Key Somatic Variants

We used lon AmpliSeq Custom Panel and lon Torrent PGM (Life Technologies) deep se-
quencing to validate all potentially function-altering somatic variants (missense, nonsense,
and splicing site SNVs and in-frame and frameshift short indels). Barcoded libraries were
pooled and subjected to sequencing on lon 318 Chip using lon Torrent PGM following
the manufacturer’s instructions. Chromosomal translocations were validated using PCR am-
plification of genomic DNA and reverse-transcribed cDNA from total RNA using specifically
designed PCR primers (Supplemental Table S8A,B). Sanger sequencing was performed to
confirm the breakpoints and exon fusions to the nucleotide level of resolution. FISH analysis
was performed to detect the PLAG1-ACTAZ translocation.

FISH Analysis of the PLAG1 (8921.1) and ACTAZ2 (10q23.31)
Gene Fusion on FFPE Tissue Sections

The PLAG1T and ACTAZ2 gene fusion was confirmed by FISH on tumor specimens and met-
astatic lymph nodes collected in 2011, 2013, and 2015. For interphase FISH analysis, the fol-
lowing probes were purchased from Empire Genomics: ACTA2 (5" Spectrum Green/3'
Spectrum Red) break-apart probe, PLAG1 (5" Spectrum Green/3’ Spectrum Red) break-apart
probe, BAC DNA probe RP11-248B17, labeled with Spectrum Gold. Gene rearrangements
for ACTAZ2 were tested using ACTAZ break-apart probes. Gene rearrangements for PLAG1
were tested using PLAG1 break-apart probes. PLAG 1-ACTAZ2 fusion was detected using the
PLAG1-5' probe (Spectrum Gold) combined with the ACTA2 BA probes (5’ Spectrum Green/
3’ Spectrum Red) (see Supplemental Methods for additional information).

Generation of Stable Transfectants Overexpressing ACTA2 or PLAG1-ACTA2

The open reading frame (ORF) of ACTAZ and PLAG 1-ACTA2 was amplified by PCR using in
vitro mutagenesis to introduce a strong Kozak consensus sequence before the initiating ATG
of each gene. These fragments were then cloned into the pPCR8GWTOPO entry vector, using
TOPO TA Cloning (Invitrogen) and the ORFs confirmed by Sanger sequencing. Multisite
gateway recombinational cloning (LR Clonase Il Plus Enzyme Mix, Invitrogen) was used to
generate ACTA2_CMV51_pDest-665 and PLAGT-ACTA2_CMV51_pDest-665 lentiviral ex-
pression constructs by combining each entry vector with the C413-E36 CMV51p> entry vec-
tor and the pDest-665 destination vector (gift from PEL). The HPL1D (immortalized human
small airway epithelial cell line) cells stably expressing either ACTA2 or PLAG1-ACTAZ2
were generated by transduction of the cells with lentivirus particles harboring the expression
constructs followed by selection using 5 pg/mL of blasticidin.

Western Immunoblot and Simple Western Analyses

For western blot analysis, 80 pg of lysates were electrophoresed in SDS-PAGE (4%-15%) fol-
lowed by wet transfer to nitrocellulose membrane. Anti-ACTA monoclonal antibody (1D11-
2B9, Sigma-Aldrich) and anti-mouse secondary antibodies (1:5000) coupled to horseradish
peroxidase (HRP) were used to develop the blots.

Simple western (ProteinSimple) assay was performed on 40 ng protein lysates (or 10 ng
for ERBB2 target). The primary antibodies used in the study were anti-EGFRpY1068,
anti-ERK1/2, anti-phospho-ERK1/2, anti-AKT, anti-AKTpS473, anti-PLCy, anti-PLCy pY783,
anti-SRC, anti-SRC pY416 (Cell Signaling Technology), anti-EGFR (BD Biosciences Phar-
mingen), HER2 (Thermo Fisher), HER2 pY1248 (R&D systems), and Rho GDI (Sigma-Aldrich)
(see Supplemental Methods for additional information).
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Chemotaxis and Invasion Assays

MCF10A cells were serum starved overnight before the day of the experiment. Cells were
dislodged with trypsin-EDTA solution, then neutralized with trypsin neutralization solution
(Lonza). Three hundred microliters of cell suspension (assay medium without EGF) containing
10° cells were added in the upper chamber of 8.0-um pore size inserts (BD with fluoroblok).
The lower chamber contained 600 pL of complete medium with EGF. For invasion assays, BD
inserts with basal Matrigel were used. Cells were allowed to migrate for 12 or 24 h toward the
EGF gradient depending on the assay. Cells were then fixed with 4% paraformaldehyde and
stained with DAPI. Nonmigrating cells were removed with a cotton swab. Migrating cells
were then counted under fluorescent microscope.

Real-Time PCR Assays for Expression Analyses

Real-time PCR was conducted in 384-well plates using a ViiA7 Real-time PCR system (Applied
Biosystems). Singleplex reactions (10 pL) containing an FAM-MGB expression assay for the
gene of interest (see Supplemental Table S8D for TagMan assays used) or an endogenous
control was performed using 4.5 ng template and 1x Universal Master Mix (Applied
Biosystems-without Amp Erase UNG) (see Supplemental Methods foradditional information).

Molecular Modeling

Active conformation of CDK12 with cyclin Kwas obtained from PDB structure 4CXA (chains A
and B) (Dixon-Clarke et al. 2015), respectively. FoldX4 program (Guerois et al. 2002) was
used to repair the initial structure, generate the structure of the point mutant, and estimate
changes in free energy upon mutation (AAG). Contacting residues were determined based
on 4 A distance between any heavy atoms of the amino acid side chains criterion.
Visualization and structure analysis was performed in Visual Molecular Dynamics (VMD)
(Humphrey et al. 1996) sequences displayed using TexShade (Beitz 2000) (see Supplemental
Methods for additional information).

ADDITIONAL INFORMATION

Data Deposition and Access

The WGS and WES data from the tumor and normal blood reported in this manuscript, as
well as interpreted genetic variants, have been submitted to the National Center for
Bioinformatics Information (NCBI) Database of Genotypes and Phenotypes (dbGaP; https:/
www.ncbi.nlm.nih.gov/gap) under study accession number phs001159.v1.p1. Three of the
variants that have been validated further in this study have been submitted to NCBI
ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/) under accession numbers SCV000298000
(ERBB2-L869R), SCV000298001 (CDK12-G879V), and SCV000298002 (PLAGT-ACTA2).
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