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Abstract

Addressing drug resistance is a core challenge in cancer research, but the degree of heterogeneity
in resistance mechanisms in cancer is unclear. In this study, we conducted next-generation
sequencing (NGS) of circulating tumor cells (CTC) from patients with advanced cancer, to assess
mechanisms of resistance to targeted therapy and reveal opportunities for precision medicine.
Comparison of the genomic landscapes of CTC and tissue metastases is complicated by challenges
in comprehensive CTC genomic profiling and paired tissue acquisition, particularly in patients
who progress after targeted therapy. Thus, we assessed by NGS somatic mutations and copy
number alterations (CNA) in archived CTC isolated from patients with metastatic breast cancer
who were enrolled in concurrent clinical trials that collected and analyzed CTC and metastatic
tissues. In 76 individual and pooled informative CTC from 12 patients, we observed 85%
concordance in at least one or more prioritized somatic mutations and CNA between paired CTC
and tissue metastases. Potentially actionable genomic alterations were identified in tissue but not
CTC, and vice versa. CTC profiling identified diverse intra- and inter-patient molecular
mechanisms of endocrine therapy resistance, including loss of heterozygosity (LOH) in individual
CTC. For example, in one patient, we observed CTC that were either wildtype for ESRI (n=5/32),
harbored the known activating £5R1 p.Y537S mutation (n=26/32), or harbored a novel ESR1
p.A569S (n=1/32). ESRI p.A569S was modestly activating /n vitro, consistent with its presence as
a minority circulating subclone. Our results demonstrate the feasibility and potential clinical utility
of comprehensive profiling of archived fixed CTC. Tissue and CTC genomic assessment are
complementary, and precise combination therapies will likely be required for effective targeting in
advanced breast cancer patients.

Keywords
Circulating Tumor Cells (CTC); CTC-DNA; Breast Cancer; £ESRI mutations; genomic profiling

INTRODUCTION

The promise of precision oncology implies that patients with advanced cancer might
undergo somatic genomic profiling to identify molecular alterations that match with
potentially active molecularly targeted therapies. Most of the strategies of precision
medicine to date have used archival or prospectively biopsied tissues for somatic profiling.
The use of liquid biopsies, to obtain circulating tumor cells (CTC) or circulating cell free
DNA (cfDNA) for phenotypic or molecular analyses, has the potential to overcome tissue
availability as a major barrier to precision oncology (1-4). Such approaches may be
particularly valuable in the context of patients progressing after targeted therapy, in whom a
single tissue biopsy may be unable to capture the diverse resistance mechanisms driving
individual clonal populations of progressing metastases (5). Importantly, although numerous
cfDNA and CTC platforms have been profiled, the only Food and Drug Administration
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(FDA)-cleared CTC platform is the CellSearch® system (Menarini, Silicon Biosystems),
which has regulatory clearance in several cancers for prognostic utility of CTC counts (6,7).
CTC profiling in treatment-refractory cancers holds particular promise as a translational
research tool to capture the global set of resistant cell populations in individual patients, as
deconvolution of individual resistant populations in cfDNA requires massive sequencing
depth or breadth (when cfDNA tumor content is low) and tissue based profiling only
provides information on the biopsied metastasis (8-11).

Nearly all patients with hormone receptor positive (HR+) metastatic breast cancer (MBC)
initially respond to anti-estrogen treatments (endocrine therapy, ET), but ultimately nearly
all progress. Several ET resistance mechanisms in estrogen receptor (ER)-positive MBC
have been identified, including ER down-regulation (through deletion or suppression),
alterations in ER-signaling pathway genes, deregulation of growth pathways, down-
regulation of apoptosis pathways, and unbalanced ER-co-regulator activity (12). More
recently, we and others have reported mutations in the ligand binding domain (LBD) of
ESR1, the gene that encodes for ER alpha, in patients with MBC after ET (11,13-16). These
mutations appear to confer absolute resistance to estrogen depletion, and relative resistance
to selective ER modulators, such as tamoxifen, and selective ER down-regulators, such as
fulvestrant (11).

We and others have investigated concordance between tissue, cFDNA and CTC-based
assessment of ESRI mutations in patients with MBC (17-19). Importantly, the majority of
CTC-based genomic profiling approaches in MBC—and other cancers—either rely on
platforms that do not fix CTC, utilize low pass whole genome sequencing to identify broad
copy number alterations (CNAs) and targeted NGS/Sanger Sequencing approaches that only
assess mutations in a very focused set of genes, or rely only on pools of CTC as opposed to
single cells (20-24). In order to interrogate CTC-based ET resistance mechanisms and to
determine concordance with tissue biopsy, we performed comprehensive mutation and copy
number profiling in 130 genes from archived CTC captured from patients with ET-resistant
MBC enrolled on a prospective clinical trial. Importantly, these patients were enrolled on a
concurrent clinical trial in which they underwent metastatic tissue biopsy (for whole exome
sequencing) enabling comparison of comprehensive CTC and tissue metastasis genomic
profiles.

MATERIALS AND METHODS

Patient population

Twenty-eight eligible patients with MBC, from the MI-ONCOSEQ protocol (performing
WES of metastatic tissue research biopsy) at the University of Michigan Comprehensive
Cancer Center (10), were enrolled in the companion Mi-CTC-ONCOSEQ protocol after
obtaining a separate written informed consent approved by the University of Michigan
institutional review board in accordance with the Declaration of Helsinki. It allowed blood
collection for cfDNA (data partially reported elsewhere) (17) and CTC analyses
(Supplementary Materials and Methods).
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CTC enrichment and enumeration

CTC were enriched from WB using EpCAM antibody-coated ferrofluid particles and
enumerated using the CellSearch® System, according to manufacturer’s instructions
(Janssen Diagnostics, LLC Raritan, NJ, United States), and as previously described (25)
(Supplementary Materials and Methods).

Single cell purification and DNA isolation

Each CellSearch® cartridge was processed to recover single CTC using the DEPArray™
system (Menarini Silicon Biosystems, S.p.A., Bologna, Italy) per the manufacturer’s
instructions. After being flushed from the cartridges, cells were placed into the DEPArray ™
300k chip which separates individual cells based on immunofluorescent staining criteria and
cell morphology (CTC: CK-FITC positive, DAPI positive, and CD45-APC negative; WBC:
CK-FITC negative, DAPI positive, and CD45-APC positive). After imaging, individual
selected cells were routed for isolation and recovery (26). DNA from individual CTC or
WBC was isolated and subjected to WGA using Amp/il™ WGA kit (Menarini Silicon
Biosystems, S.p.A.) with Msel digestion per the manufacturer’s instructions (27).
Subsequent DNA quality control was performed using Amp/iL™ QC kit (27) and low quality
DNA cells were excluded from down-stream sequencing (Supplementary Materials and
Methods).

CTC genomic profiling and data analysis

NGS was performed essentially as previously described using 20 ng of WGA DNA for each
CTC/WBC sample for targeted, multiplexed PCR-based NGS (Ampliseq, lon Torrent)
(28,29). Libraries were constructed using the DNA component of the Oncomine
Comprehensive Assay (OCP), a panel of 2,531 amplicons targeting 130 genes covering
260,717 bases (ThermoFisher) and selected mutations were confirmed by Sanger
Sequencing (Supplementary Materials and Methods; Supplementary Table S1).

Tissue biopsy whole exome sequencing

Sequencing of clinical samples was performed as previously described (11). Genomic DNA
from frozen needle biopsies was used to generate exome libraries of matched tumor/normal
pairs using the lllumina TruSeq DNA Sample Prep kit. WES was performed on Illumina
HiSeq 2000 or HiSeq 2500 (paired-end) and analyzed as previously described (11)
(Supplementary Materials and Methods).

In vitro functional studies of ESR1 A569S mutation

pCDH-ESR1 plasmid was mutated at alanine 569 of ER to serine with Quick Change
Lightning Kit (Agilent Technologies). Cells were obtained from the Tissue Culture Shared
Resource at the Lombardi Comprehensive Cancer Center (Georgetown University,
Washington, DC) in 2001. Cells were never passaged more than 15 times, were free of
mycoplasma contamination (most recent testing, May, 2015) and identity was confirmed by
short tandem repeat (most recent testing, July, 2014). Lentivirus containing the p.A569S
ESR1 transgene was packaged in 293T cells. 24 hours after plating, cells were transfected
with 8ug of pCDH-ESR1-A569S plasmid, 5ug psPAX2 and 2ug pMD2.G plasmids. MCF-7
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cells were virally transduced with 1ml of viral supernatant supplemented with 4ug/mi
polybrene for 8 hours. Steroid-depleted parental and £SRI p.A569S MCF-7 cells were
seeded into 96-well plates and treated with 17p-estradiol (Sigma Aldrich) or ethanol control
alone or in combination with tamoxifen, 4-hydroxytamoxifen, endoxifen or fulvestrant. Cell
number was assessed by crystal violet stain five days after hormone treatment as previously
described (30) (Supplementary Materials and Methods).

Preclinical proof of concept validation of targeted NGS of CTC from archived CellSearch®

cartridges

We performed a pilot, pre-clinical study to determine if cells stored for long periods of time
in CellSearch® cartridges after enrichment from whole blood (WB) could be purified using
the DEPArray™ technology for subsequent high quality genomic profiling. Cultured BT-474
human breast cancer cells spiked into normal human blood and pre-enriched by CellSearch®
were archived in the collection cartridges for several months-years. After separation from
leucocytes to purity, single cell DNA derived from spiked cells underwent whole genome
amplification (WGA) using Ampli1™ WGA kit and NGS with an ~300 amplicon
multiplexed PCR based panel (CHPv2). This approach successfully identified the expected
TP53p.E285K mutation in cells from all seven samples processed with an elapsed time
between archiving of the CellSearch® cartridge (in 4°C) and cell isolation using DEPArray ™
of three days to six months; cartridges archived for two years in RT did not yield assessable
genomic DNA (Supplementary Table S2).

Trial cohort for CTC assessment and comparison to matched tissue metastases

Genomic ET resistance mechanisms in individual CTC and concordance with biopsy
obtained fresh tissue was examined in thirty patients with MBC. These patients participated
in the Michigan Oncology Sequencing Center (MI-ONCOSEQ) trial, in which a biopsy of
metastatic tissue was subjected to genomic profiling. They were also enrolled in a
companion trial (MI-CTC-ONCOSEQ) to collect WB for CTC enrichment and purification
using the CellSearch® and DEPArray ™ systems. Two patients were deemed ineligible for
regulatory reasons. Of the 28 remaining patients, 16 (57%) had =5 CTC/7.5 ml whole blood
(WB) by CellSearch® at baseline (Figure 1). Approximately 15% of the enriched CTC were
purified using DEPArray ™ and had high quality DNA (Supplementary Table S3). Eleven
patients had at least one CTC with sufficiently high quality DNA for genomic analysis.

Two patients had a blood sample drawn containing =5 CTC/7.5 ml WB at the time of disease
progression, so that a total of 12 patients had a sufficient number of CTC for genomic
analysis at either baseline or progression. Eleven of the 12 patients had been diagnosed with
HR-positive breast cancer (either from primary or metastatic tissue); the remaining patient
(#19) was diagnosed with triple negative (ER/progesterone receptor [PR]"/HER2
[ERBBZ]™) breast cancer in both primary and metastatic tissue. Clinical histories are shown
in Supplementary Figure S1.
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Simultaneous assessment of somatic mutations and copy number alterations in archived
CTC from patients with metastatic breast cancer

From the 12 patients with evaluable CTC, individual CTC were isolated from archived
CellSearch® cartridges by DEPArray™, followed by genomic DNA extraction and WGA.
DNA from 53 individual CTC, 23 pooled CTC samples (containing equal DNA amounts
from 2 — 7 individual CTC), and 16 individual or pooled white blood cells (WBC) was
subjected to comprehensive multiplexed-PCR based NGS using the DNA component of the
Oncomine Cancer Assay (OCP) (Supplementary Table S4). This assay, which is also being
used in the National Cancer Institute MATCH trial (31), interrogates activating and
deleterious mutations and CNAs in 130 genes (29). All patients had WES performed on near
synchronous metastatic tissue biopsies as part of the MI-ONCOSEQ platform. After OCP
profiling, CTC doubly positive (CD45*/CK™*) or pooled CTC samples lacking all molecular
alterations (any somatic CNAs or prioritized mutations) were excluded, resulting in 67
evaluable CTC samples (both single and pooled cells) from 12 patients.

In these 67 evaluable CTC samples, we identified a total of 23 high-confidence, prioritized,
somatic, nonsynonymous point mutations and short insertions/deletions, (median = 1.5,
range = 0-6 per patient) and 31 high-confidence high-level CNAs (median = 2.5, range = 0-
6 per patient), as shown in an integrative heat map (Figure 2A; B). Importantly, no high-
confidence mutations were found in the matched WBC in any of the 12 patients, and high-
confidence CNAs in WBC were exceedingly rare and were limited to occasional copy
losses, consistent with high fidelity purification, WGA and NGS (Figure 3A; B).

Comparison of somatic mutations and copy number alterations in matched CTC and tissue

metastases

Our study design provided the opportunity to compare prioritized somatic mutations and
CNAs in CTC vs. synchronous/near-synchronous metastatic tissue biopsies. Critically, we
observed highly concordant somatic alterations from CTC subjected to targeted NGS and
matched WES of fresh metastatic tissue biopsy. Specifically, 57 of 67 CTC samples (85%)
and CTC in 8 of 12 patients (67%) showed at least one, but usually multiple, prioritized
genomic alterations detected in the corresponding tissue biopsy (Figure 2A; B;
Supplementary Table S5). Of 23 point mutations and short indels detected in CTC across all
patients, 14 (61%) were also found in the WES of corresponding tissue biopsies, which
additionally harbored 9 mutations/indels that were assayed, but not detected by the targeted
panel in any of the corresponding CTC (Supplementary Table S6A). Of note, the fraction of
sequencing reads containing the variant (variant frequency, VF) in individual CTC was in
the vast majority of cases either 1.0 or approximately 0.5, consistent with homo- or
heterozygous status of mutations in individual cells, and was highly concordant with tumor
content-corrected VFs in tissue samples (Figure 2A; B).

Although previous studies have assessed mutations or CNAs from CellSearch® isolated
CTC and other fixative based CTC platforms, we are unaware of simultaneous assessment of
both categories of somatic alterations in fixed CTC. We have previously validated the ability
of our multiplexed PCR based NGS approach to assess gene-level CNAs in fresh tissue,
FFPE tissues and cfDNA (28,29,32), (Hovelson et al., manuscript submitted). Herein, we
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adapted our approach to include only high performance amplicons in WGA CTC genomic
DNA and assessed CNAs (both high-level amplifications and deletions) in 71 robustly
assessed OCP target genes (See Methods). Critically, we observed high concordance in
prioritized CNAs detected in CTC and matched tissue biopsies across our cohort.
Specifically, 19 of 31 (61%) total CNAs detected in CTC were also present in fresh tissues
subjected to WES, while WES identified 7 alterations assessable but not detected in matched
CTC (Supplementary Table S6B). Furthermore, similarly to mutations, the approximate
copy number of concordant CNAs was highly consistent between CTC and matched tissue
biopsies, as shown in Figure 2A; B and Figure 3A; B. For example, the tissue metastasis
from patient #12 harbored prioritized P/IK3CA p.H1047R and 7P53 p.R248Q mutations, as
well as WT1, TSC2, MYCand NFI1amplifications. The single high quality CTC from this
patient similarly harbored both mutations, as well as the W71, 7SC2and MYC
amplifications, with W71 showing the greatest estimated copy number in both the tissue and
CTC samples (Figure 2B; 3B). Further supporting our technique, patient #2 CTC CNA data
showed no batch effects by unsupervised clustering despite being processed from three
different CellSearch® cartridges (A; B; C) stored for varying amounts of time before single
cell isolation (Figure 3A; Supplementary Table S3).

Discordant genomic alterations between CTC and corresponding tissue metastases were
found in several patients, even if they only had a few high quality CTC. For example,
patients #7, 14, 17, and 19, had complete discordance in genomic alterations between CTC
and tumor tissues (Figure 2B; 3B). Of note, potentially targetable BRCA2p.Q1931X and
PTCHI p.E1242X mutations were found exclusively in CTC (and not tissues) from patients
#17 and 19, respectively. Whether such events represent bona-fide mutations or WGA/NGS
technical artifacts cannot be reliably determined. To further investigate these possibilities,
we performed Sanger Sequencing for the BRCAZ p.Q1931X mutation, which confirmed its
presence in one of the four individual cells pooled for NGS analysis, consistent with the
subclonal VF (0.10) in that pooled NGS sample (Supplementary Figure 2A). Importantly,
however, this CTC pool did not contain the PIK3CA (p.H1047R) or the NFI (p.W2494X)
mutations clearly present in this patient’s tissue, suggesting that these cells are not of the
same origin as the tumor tissue that underwent WES. Similarly, none of the CTC from
patient #17 harbored the PIK3CA (p.E542K) and ESRI (p.Y537S) hotspot mutations
present in tissue (Figure 2B). In addition, CTC and tissue from these patients harbored
several discordant copy number changes, again suggesting that these CTC were from clones
that were entirely different from that of the biopsied tissue (Figure 2B and 3B).

Integrative mutation and CNA assessment of resistance mechanisms and clinically
relevant intratumoral heterogeneity in CTC from individual patients

Our ability to assess mutations and CNAs in individual CTC from patients with matched
tissue metastases profiled by WES provides a unique cohort to assess intra- and inter-patient
diversity in ET resistance/progression mechanisms—including £SR1 mutations and CNAs
—as well as comprehensive genomic profiles. For example, patient #30 had HR+ MBC and
developed ET-resistance between her tissue biopsy and CTC collection. In the tissue biopsy
subjected to WES, we detected a heterozygous P/IK3CA p.H1047R hotspot mutation, a
homozygous £SRI p.D538G hotspot mutation (with LOH due to single copy £SR1 loss),
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and high level FGFR1and CCND1 amplifications. Consistent with the presumed
contribution of £SRI hotspot mutations in resistance to some, but not all, types of ET, she
progressed on ET therapy after her tissue biopsy. Critically, all informative individual (/7=5)
and pooled (n7=1) CTC samples harbored the same heterozygous P/IK3CA p.H1047R
mutations that were detected in her tissue biopsy. Similarly, while all informative individual
(rm=4) and pooled (rm=1) CTC samples also harbored the £5R1 p.D538G mutation, our
integrative mutation and copy number profiling allowed us to clearly distinguish CTC
harboring homozygous £SRI mutations with LOH (7=3 individual and n7=1 pooled CTC
samples; VVF of 1.0 and one copy £5R1 loss) from CTC harboring £5/1 mutation with no
CNA (m=1 individual CTC; VF of 0.29 CTC and no £5R1 copy alteration). Lastly, both the
FGFRI1and CCNDL1 amplifications were detected in all individual and pooled CTC at
estimated copy numbers that were concordant with those in the tissue biopsy
(FGFRI>CCND]I) (Figure 2B, Figure 3B, Figure 4A). Taken together, these results support
the ability of our single (and pooled) CTC profiling approach to identify known clinically
relevant mutations and CNAs from tissue samples, as well as integrate the CTC sequencing
results to identify LOH mechanisms.

Likewise, in patient #28, who had ET-resistant HR+ MBC, we detected homozygous 7P53
p.G245V and heterozygous PIK3CA p.E542K mutations in both CTC (one individual and
one pooled sample) and in a liver tissue biopsy sequenced by WES (Figure 2B and Figure
4B). In addition, this patient harbored high-level £SRI, MYC, and ERBBZ amplifications in
the tissue biopsy (Figure 3B; Figure 4B). Importantly, while both the ESRZand MYC
amplifications were clearly detected in the CTC samples, neither of the CTC samples
harbored the ERBBZ amplification (Figure 4B). Of note, although this patient was initially
considered HER2/ERBB2 negative based on clinical immunohistochemistry (1+ expression
in primary and metastatic bone lesion), the £/RBB2 amplification in the liver biopsy
prompted repeat bone metastasis IHC that showed heterogeneous HER2/ERBB2 expression,
with 10-15% of cells having 3+ staining. In addition to further validating the utility of our
approach, these results highlight the importance of discordant subclonal alterations, as
previously reported at the mRNA level(33), that may only be present in individual
metastases resulting in low levels/frequencies or absence in the circulation.

Comprehensive profiling of single CTC identifies potential alterations driving progressive

disease

A major potential advantage of “liquid” biopsies is the ability to non-invasively monitor
driving genomic alterations during disease progression. For patient #24, who had ET-
resistant lobular MBC, CTC were isolated from blood specimens concurrently with the
tissue biopsy (baseline) as well as at progression (465 days later) after three lines of
chemotherapy (Figure 4C). As expected for lobular carcinoma, we identified a CDH1
frameshift mutation (p.1584fsdel) in all informative baseline CTC (/=3 pooled CTC, B in
Figure 2B) as well as the tissue biopsy. We similarly detected a 7P53 frameshift mutation (p.
152_156fsdel), as well as PIK3CA and SOX2amplifications in all baseline CTC samples
and the tissue biopsy. Of note, while all four of these alterations were also present in the
CTC samples at progression (P in Figure 2B, Figure 4C), two of the individual progression
CTC also harbored high-level MYCN amplifications (estimated at 16 copies) that were not

Cancer Res. Author manuscript; available in PMC 2019 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Paoletti et al.

Page 9

present in any baseline specimen (CTC or tissue), demonstrating the utility of this approach
to identify somatic alterations conferring treatment resistance during disease monitoring.

Comprehensive CTC profiling in a single patient identifies multiple ET resistance
mechanisms in circulation

Tissue and cfDNA based studies have demonstrated numerous resistance mechanisms to
targeted therapies in the same patient (34), including studies in breast cancer demonstrating
multiple £SRI mutations detectable in cfDNA from patients with ET resistant MBC (34,35).
Hence, we performed detailed profiling of numerous CTC from patient #2, who had ET-
refractory lobular breast carcinoma at the time of research biopsy (for WES) and CTC
collection (189 days later) (Figure 4D). Tissue WES detected two E-cadherin (CDH1)
mutations (p.Q641X and p.S70F) at homozygous VF due to single copy CDH1 loss (Figure
2A and Figure 4D) as well as a heterozygous £S5R1p.Y537S mutation, which is presumed to
be one mechanism contributing to ET-resistance (11). No high level amplifications or
deletions (in genes targeted in CTC) were present, although 7P53and chromosome (chr) X
one copy losses were present by WES.

Across this patient’s 32 assessed CTC samples (26 individual and 6 pools of 5-7 total
individual CTC), we identified the CDHI p.Q641X and p.S70F mutations in 22/23 (96%)
and 27/28 (96%) CTC samples informative for those genomic positions, respectively. Of
note, 12/13 individual CTC informative for both CDHI mutations showed both at
homozygous VF, consistent with tissue metastasis WES and the known early role of
deleterious alterations in CDHZ in lobular breast carcinoma. Although our CNA profiling is
not optimal for single copy alterations, we observed the CDHI, TP53, and chr X losses
variably across individual and pooled CTC (n= 13, 14, and 4 of 32 CTC samples,
respectively). Lastly, one of this patient’s purified CK*/CD45 circulating cells was wild-
type for all the tested genes, suggesting the presence of a minority of circulating epithelial
cells of non-tumor origin.

As expected, in this patient greater genomic heterogeneity was observed for the £SR1
p.Y537S mutation, which presumably arose after ET treatment (whether through selection
for a rare pre-existing or acquired mutated clone). ESRZ p.Y537S mutations were detected
in 26/32 individual and pooled CTC samples. However, five of the six CTC harboring one or
more CDHI mutations,(strongly suggesting these are true cancer cells), lacked the £ESR1
mutation. Likewise, both heterozygous (/7=14/20 ESR1 mutation-harboring individual CTC)
and homozygous (/7=6/20 ESR1 mutation-harboring individual CTC) ESRI p.Y537S
mutations were observed in CTC. Of particular interest, one individual CTC from this
patient (A12A) harbored both homozygous CDH1 mutations and lacked the £SR1p.Y537S
mutation, but instead harbored a unique, previously undescribed £5/1 p.A569S mutation at
heterozygous VF (Figure 2A). Although the £SRZ p.A569S mutation was not observed in
any other individual or pooled CTC, or in the patient’s tissue metastasis (Figure 2A), it, as
well as ESR1 p.Y537S and CDHI mutations in other CTC, were confirmed by Sanger
Sequencing of WGA DNA (Supplementary Figure 2A).

Genomic profiling of tissue biopsy material and a finite number of CTC, as in our studly, is
still likely to underestimate the full repertoire of minor subclonal driving mutations in an
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individual patient with targeted therapy resistance. To further investigate this concept,
droplet digital PCR (ddPCR) was performed on various specimen types at several time
points during this patient’s course. An additional £5R1 p.D538G hotspot mutation was
detected albeit at extremely low level. Interestingly, the novel £SR1 p.A569S mutation
detected in one CTC was also only present in a few droplets, but below the predetermined
detection threshold (17) in post-ET specimens (Supplementary Table S7; Supplementary
Table S8).

Taken together, these results are consistent with a large circulating pool of heterogeneous
sub-clones, which may each harbor differing mechanisms of resistance to one or more types
of ET in patients with initially HR positive MBC. They further support complementary
approaches to characterize this diversity of resistance mechanisms.

In vitro functional characterization of the novel ESR1 A569S mutation

As mentioned, the observed ESRI p.A569S mutation has not been described previously in
ET resistant MBC and was only observed in 1 of 32 total CTC samples (pooled and
individual) from patient #2 (Figure 2A; Figure 5A). Therefore, we hypothesized that it
conferred a modest selective advantage since the cell in which it was detected was clearly a
CTC (it harbored both CDH1 mutations present in the tissue metastasis and other CTC), it
lacked the ESR1 p.Y537S mutation present in 26 of 32 other CTC samples from the patient,
and no other prioritized mutations were observed in this or any other CTC from the patient.
Hence, we used lentiviral mediated infection to stably over-express the £5R1 p.A569S
mutation in the ER-positive breast cancer cell line MCF-7. Expression of the p.A569S
mutation was confirmed by Sanger Sequencing and western blot analysis (Supplementary
Figure 2B; C). /n vitro growth assays, which compared MCF-7 ESR1 p.A569S with parental
MCEF-7, showed that the former was estrogen dependent, unlike cells expressing ESR1
p.Y537S or p.D538G mutations, which confer estrogen-independent growth (Supplementary
Figure 3). Notably, however, MCF-7 £ESR1 p.A569S were more responsive to estradiol
induced growth compared to parental MCF-7 (ECsq of 2.97 pM vs 5.38 pM; p=0.0001, F-
test), (Figure 5B).

Tamoxifen is a partial ER agonist. Therefore, we tested its ability to stimulate growth in
parental MCF-7 and MCF-7 ESR1 p.A569S cells in the absence of estradiol. Although
tamoxifen stimulated growth in both MCF-7 and MCF-7 ESR1 p.A569S cells in the absence
of estradiol, MCF-7 ESR1 p.A569S cells showed a significantly greater growth increase
than parental MCF-7 cells (130% vs. 180% over vehicle control, p<0.0001, F-test, Figure
5C). As expected, the tamoxifen metabolites 4-hydroxytamoxifen and endoxifen (4-
Hydroxy-N-desmethyltamoxifen), both potent ER antagonists, did not stimulate growth in
either parental MCF-7 or MCF-7 ESR1 p.A569S cells in the absence of estradiol
(Supplementary Figure 4A; B). Lastly, the antiestrogens tamoxifen, 4-hydroxytamoxifen,
endoxifen, and fulvestrant were all able to similarly attenuate growth induced by 50 pM
estradiol in both parental MCF-7 and MCF-7 ESR1 p.A569S (Supplementary Figure 5A; B;
C; D). Taken together, these results demonstrate that this £5/7 mutation showed increased
estradiol and tamoxifen induced growth. Presumably, this mutation provides a modest
selective growth advantage, consistent with the rarity of this mutation in circulation (1/32
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CTC samples) compared to the £SRI p.Y537S mutation known to confer estrogen
independent growth and present at higher frequency in the patient’s CTC (26/32 samples)
and tissue metastasis.

DISCUSSION

In these proof-of-concept studies, we have demonstrated that individual CTC from archived
cartridges of the FDA cleared CellSearch® system can be isolated, whole genome amplified,
and comprehensively profiled for somatic mutations and CNAs using multiplexed PCR-
based NGS. Importantly, although comprehensive genomic profiling of single non-fixed
CTC has been reported (36), and CTC isolated by CellSearch® (or other fixative based
approaches) have been used for assessment of genome wide CNA profiling and mutations in
a limited set of genes (19,24,37,38), we are unaware of prior concurrent somatic mutation
and precise gene-level CNA assessment in individual fixed CTC from NGS. Leveraging near
synchronous matched tissue biopsies subjected to WES as part of the MI-ONCOSEQ
clinical trial, we demonstrated high concordance between driving somatic mutations and
CNA:s identified by our approach in CTC compared to single tissue metastases, including
CNAs, mutations, and LOH assessment in both oncogenes (e.g. ESRI and PIK3CA) and
tumor suppressors (e.g. CDHI and TP53).

In addition to the high concordance between prioritized alterations identified in CTC and
matched tissue metastases, several lines of evidence support the validity of our findings.
Process-matched WBC assessed in parallel for each of the patients were wild-type for all
assessed genomic alterations. Likewise, at the patient level, in addition to high concordance
for somatic mutation and CNA presence/absence in CTC vs. matched tissue metastases, VFs
(for mutations) and estimated copy number ratios (for CNASs) were similarly concordant.
Lastly, Sanger Sequencing of WGA DNA validated the selected mutations tested in two
patients, one of which had highly heterogeneous findings among tissue, CTC and cfDNA.

Several patients had somatic alterations present in tissue metastases that were not present in
all matched CTC such as £SR1 p.Y537S mutation for patient #2. Likewise, in patient #28,
the high level ERBBZ amplification present in the liver metastasis was not identified in the
CTC. In fact, only ~15% of tumor cells in a femur metastasis had 3+ HER2 expression by
IHC, consistent with ERBBZ amplification being a subclonal event within an individual
tissue metastasis as well as in tissue vs. circulation.

A purported advantage of liquid biopsies is the theoretical ability to capture the global
collection of molecular alterations harbored by a patient with metastatic cancer. In our study,
we were able to simultaneously assess mutations and copy number in individual cells. Thus,
we observed numerous examples of intra-patient somatic alteration variability between
individual CTC and tissue metastases, including assessment of heterozygosity/homozygosity
supported by copy number state. For example, although all CTC from patient #30 harbored
PIK3CA p.H1047R mutations, we detected individual CTC that harbored either
heterozygous orhomozygous (with one copy loss) ESRI p.D538G mutations. Similarly, we
observed several CTC that harbored somatic mutations and CNAs not present in tissue, but
also detected alterations in tissue metastases not observed in CTC. Importantly, we identified
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potentially targetable alterations (in P7CHIZ and NOTCHJ) in subsets of CTC from two
patients (#19 and #24) but not in matched tissue, a finding that supports these as subclonal
alterations. In this case, knowledge of the subclonal populations might enable more specific,
and even tailored combination targeted therapy, either at initiation of treatment or for
emerging subclones during cancer progression short of any deep sequencing of primary/
metastatic tissue. The latter has shown that most discordant “private” CTC alterations can be
detected in the tissue at low frequencies (24).

As an additional mechanism of discordance between CTC and tissue metastases, patient #4
harbored PIK3CA p.E545K and 7P53 p.D259H mutations in both CTC and tissue
metastases. Importantly, however, while both these mutations were heterozygous in the
tissue metastasis, we observed both as homozygous in a single CTC (without evidence of
copy loss), but wild-type in the other two cells. Lastly, in patient #24, while CTC and the
concurrent tissue metastasis shared several alterations, CTC taken subsequently after
progression on several lines of chemotherapy not only harbored these alterations, but
uniquely had high level MYCN amplifications. These findings further suggest that serial
“liquid profiling” to monitor molecular alterations mediating resistance might permit
specific selection of combination targeted therapies during a patient’s clinical course.

Emerging genomic tumor heterogeneity due to accumulated subclones with different
mutations, as well as plastic epigenetic/transcriptomic heterogeneity as a function of cellular
stress and environmental changes, are drivers of resistance to specific treatments. Indeed, we
and others have demonstrated inter- and intra-patient heterogeneity of CTC-protein
expression, including ER, BCL2, HER2, Ki-67, and PI3K from patients with MBC (25,39-
42). These data, coupled with the results of the present report, demonstrate similar
heterogeneity in both somatic mutations and CNAs through simultaneous profiling, and
suggest that both genetic and protein data should be monitored to truly tailor precision
therapy.

Of note, 3 out of 46 individual CTC included in our cohort matched the
immunohistochemical definition of CTC (CK*, CD457), but did not contain any high
confidence mutations, indels or high-level CNAs. These cells were present in patients where
other CTC were concordant with tissue metastases. These observations suggest that benign,
non-hematopoietic circulating cells of epithelial origin may be captured by platforms using
anti-epithelial enrichment/purification methods. Because the CellSearch® enrichment
method is based on epithelial cell capture by EpCAM expression and characterized by the
presence of CK and lack of CD45 expression, it is possible that these cells represent normal
circulating epithelial cells (CEC) that were in the patient’s blood either as a function of
shedding or during the blood draw in patient without cancer (43,44). Likewise, we
confirmed (by Sanger Sequencing) the presence of a subset of mutations that were detected
exclusively in several other CTC and not matched tissue samples. However, due to the
complete discordance between alterations in these CTC (some of which were pooled) and
tissue samples, we cannot exclude that these cells are either of non-tumor origin or that these
findings may be technical artifacts. These findings emphasize the need for CTC platforms to
document that detected CTC are malignant cells through the identification of
pathognomonic molecular alterations or orthogonal tissue based validation. We cannot be
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certain that CTC captured by the CellSearch assay are the source of tissue metastases. Since
CellSearch requires fixation of the captured cells, culture of those cells is not possible. Other
investigators have demonstrated presumed CTC (CK+/DAPI+/CD45-) captured using
different platforms can, indeed, be cultured ex vivoand in vivo (45,46). Importantly,
although numerous CTC platforms report the ability to detect CTC “missed” by capture
and/or expression based CTC platforms(3), the CellSearch® platform has been clinically
validated for its prognostic role in breast colon, prostate, and lung cancer (6,7,47).
Combined with the high concordance of known oncogenic genomic alterations between
CellSearch-identified CTCs and tissue metastases, our results support these CTCs as having
malignant potential, at least in part. In addition, our results herein support the vast majority
of identified CTC as bona-fide tumor cells based on somatic molecular alteration
concordance with tissue metastases.

In an effort to comprehensively profile the CTC genomic landscape in an ET resistant
patient, we profiled 32 individual and pooled CTC samples from patient #2, who had ET
resistant metastatic lobular breast cancer. Both CTC and tissue metastases showed
concordant CDHI mutations, as expected. However, while 20 of 26 single CTC harbored
ESR1p.Y537S mutations consistent with that detected in the tissue metastasis, a single CTC
instead harbored a novel unreported £SR1 p.A569S mutation confirmed by Sanger
Sequencing of the amplified genomic DNA. Intriguingly, A569 is localized to the F domain
of the ER receptor, which differs from the more common mutations, such as Y537S and
D538G, identified in the LBD (Figure 5A). LBD missense mutations lead to ligand-
independent constitutive ER activation (11-14,48) and confer relative resistance to
tamoxifen and fulvestrant. In contrast, £5/R1 p.A569S expressing MCF-7 cells were
estrogen dependent and not tamoxifen nor fulvestrant resistant. However, the £SRI p.A569S
mutation conferred a modest, but statistically significant, increased agonist activity to
tamoxifen in the absence of estrogen in MCF-7 cells compared to wild-type ESRI-
expressing cells. Interestingly, a mutation in the adjacent aminoacid (T5701) was recently
reported (without functional characterization) in a CTC of an ET-treated MBC patient (21).
In addition, a mutation in the same domain in another steroid hormone receptor family
member, the androgen receptor, (F876L), in prostate cancer cell lines confers agonist activity
to the androgen antagonist enzalutamide (49). It is well established that in breast, tamoxifen
is not a pure ER antagonist, but rather serves as a selective estrogen receptor modulator, with
mixed ER agonism and antagonism, including in estrogen-deprived ER positive cultured
human breast cancer cells. Multiple mechanisms of this duality in tamoxifen effect have
been proposed, including up-regulation of a variety of other genes such as NFxB and HER2
(50,51). Of note, the F, domain which harbors our mutation, was shown to be important in
the agonist and antagonist balance of antiestrogens (52). We speculate that the £5R1
p.A569S mutation may also contribute to this paradoxical effect of tamoxifen on ER.

Notably, this modest activity of the £SR1 p.A569S mutation is consistent with the rarity of
this mutation amongst the patient’s CTC burden compared to the highly active p.Y537S.
However, given the interest in developing therapeutic approaches for £S5/ LBD mutations,
including ongoing clinical trials based on £5/1 LBD mutation detection (e.g.
NCTO03079011), our data demonstrate that such patients likely have rare tumor subclones
capable of expanding upon selective pressure. Of note, ddPCR profiling of previous tissue
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samples and cfDNA demonstrated even more complexity in regards to £SR1 status in this
patient. Taken together, these results highlight the diverse repertoire of ET resistance
mechanisms in patients with advanced, endocrine treated ER positive breast cancer,
analogous to those observed in rapid autopsy series of hormonally treated prostate cancer
(53).

We cannot entirely exclude that the observed ESR1 (A569S) mutation may be a technical
artifact from CTC fixation, WGA or NGS (54). However, this unique mutation was found at
uniallelic variant fraction of 0.56 in a cell with the same CDH1 mutations observed in other
CTCs and the tissue metastasis. Likewise detection by Sanger sequencing in pre-NGS WGA
DNA strongly argues against this being an NGS error. In addition, the fact that the other
most common ESR1 mutation (Y537S) is not present in this CTC underlines that these
mutations are mutually exclusive, and multiple circulating ESR1 mutations in the same
patient are well described in metastatic breast cancer, with 17% of patients having >2
detectable ESR1 LBD mutations in cfDNA(55). Lastly, the modest, but observable
functional activity of the mutant support this mutation as a bona-fide mutation present as a
minor circulating subclone rather than a technical artifact.

Our study is limited due to relatively small sample size. Indeed, the heterogeneity that we
have detected has effectively reduced each patient to an “n of 1.” Further, this investigation
was performed as a pilot, principally to determine if DNA from CTC that have been fixed
and archived in CellSearch® cartridges for some period of time could be harvested, purified,
and sequenced with analytical fidelity, and subsequently, if these data can be reliably
compared to genomic analysis of tissue collected in roughly the same time frame.
Importantly, our data provide proof-of-concept evidence that this strategy is viable, and
studies to determine if our approach can be used to predict patient outcome or guide therapy
are ongoing.

In conclusion, we have demonstrated the ability to purify and comprehensively sequence
archived single CTC from an FDA-cleared CTC detection platform (CellSearch®) coupled
with an automated technique for single cell purification and analysis (DEPArray™). Further,
we have reproducibly performed simultaneous somatic mutation and CNA profiling of these
cells. We observed high, but not absolute, concordance between somatic alterations in CTC
and matched tissue metastases subjected to WES. The resultant discordance may identify
potentially clinically informative/actionable alterations exclusively present either in CTC or
tissue metastases, supporting the complementary nature of these approaches. Through
sequencing >20 CTC in a single patient with ET resistant lobular breast carcinoma, we
identified distinct £SRI mutations in individual CTC, including a novel, modestly active
ESRI mutation present in only a single cell compared to the strongly activating £SR1
mutation present in the vast majority of the patient’s CTC and a tissue metastasis. Taken
together, our results support the feasibility of simultaneous somatic mutation and copy
number profiling from archived CTC, which may be used to track resistance mechanisms
under selective pressure of targeted therapy. We speculate that these findings could lead to
identification of both CTC-protein expression and genomic abnormalities that could serve as
potential therapeutic targets, and complement tissue or cfDNA based precision oncology
approaches.
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_IExcluded: Ineligible (N=1); Protocol deviation (N=1)

Baseline: CTC collected for evaluable patients (N=28)

——IPatients with <5 CTC/7.5 ml N=12

Group of patients with >5CTC/7.5 ml (N=16) |

Patients with > 5 CTC/7.5 ml, with no high
quality CTC- 1

Patients with > 5 CTC/7.5 ml, with no high
confidence CTC after sequencing N=1

Progression: Patients with > 5 CTC/7.5 with
at least one high quality CTC N=1

Group of patients with >5CTC/7.5 ml with at Progression: Patients with >5CTC/7.5 ml with at
least one high quality CTC-DNA N=11 least one high quality CTC-DNA sequenced N=2

Progression: Patients with > 5 CTC/7.5 with
at least one high quality CTC N=1

Figure 1. REMARK diagram for patient enrollment and distribution
Of 30 enrolled patients, 12 were protocol-conforming, had =5 CTC/7.5 ml WB by

CellSearch® and had at least one CTC with high quality DNA at baseline or progression.
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Figure 2. Integrative heat map of somatic molecular alterationsidentified in archived circulating
tumor cells (CTC) and comparison with metastatic tissue in endocrine ther apy-resistant
metastatic breast cancer patients

Next generation targeted sequencing for circulating tumor cells (CTC), whole exome
sequencing (WES) for tissue biopsy, and digital droplet PCR (ddPCR) for cell free tumor
DNA (cfDNA) identified high confidence mutations (top half of each patient table) and copy
number alterations (CNAS) (bottom half) in A) Patient #2 and B) Patients #4 — 30. Colored
boxes indicate presence of alteration, empty boxes represent absence of alteration (despite
adequate sequencing coverage for the position). NC = no adequate sequencing coverage to
evaluate mutation presence; NA = not assayed. Numbers inside mutation boxes show variant
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frequency (VF), with dark and light green boxes indicating homozygous (>0.8 VF) and
heterozygous/complex (<0.8 VF) mutations, respectively. Orange boxes indicate presence of
mutation and corresponding VF for CTC pools, tissue WES, and cfDNA. Numbers inside
CNA boxes show the log, copy number ratio (CNR), with gains and losses shown in red and
blue, respectively. CTC IDs are shown at the top of heat map with pooled sample 1Ds
shaded. Note: tumor cont. = tumor content; for patient #24, “B” and “P” represent CTC
samples at baseline and progression, respectively; *ddPCR droplets for this mutation were
detected, but below the predetermined threshold.
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Figure 3. Heterogeneity of copy number alteration (CNA) detected in circulating tumor cells
(CTC) across patients with metastatic breast cancer

Next generation targeted sequencing generated gene-level log, copy number ratios (CNR),
with copy number alteration (CNA) losses in blue (negative log,CNR) and gains in red
(positive CNR). A. Patient #2; and B. Patients #4 — 30. Greater absolute value of log,CNR
indicates a more pronounced CNA. A dendrogram from unsupervised hierarchical clustering
of CNAs in Patient #2 CTC is shown on the left.
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Figure 4. Integrative CNA and mutational profiling of CTCsin comparison to tissue metastases
identifiesintra- and inter-patient heterogeneity in resistance/progression alterations

A. Clinical time lines, copy number plots and mutations from tissue metastases subjected to
whole exome sequencing (WES) and CTCs subjected to targeted NGS from A) Patient #30,
B) Patient #28, C) Patient #24 and D) Patient #2. For timelines, treatment courses,
development of metastasis, and research biopsy (for exome sequencing) and CTC collection
time points are indicated according to the legend. Treatment courses shown with a broken
box are given in months. For WES, log, copy-number ratios per segment are plotted and
prioritized mutations are given below the plot. For CTCs, each individual amplicon is
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represented by a single gray dot and gene-level copy-number estimates are shown in red bars
(blue bars for genes of interest). Selected high-level CNAs are indicated.
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Figure 5. Functional validation of novel ESR1 p.A569S mutation demonstrates modest estradiol
sengitivity and increased tamoxifen agonist activity

A. Summary of ESRI mutations detected in Patient #2 from tissue, CTC-DNA, and cfDNA
in schematic representation of the encoded ERa with the LBD and F domains indicated; B.
MCF-7 ESR1 A569S are more sensitive to estradiol after 5 days when assessed by crystal
violet assay. Inset table indicates ECsq of estradiol in pM; C. Tamoxifen has increased
agonist activity in MCF-7 cells over-expressing ER-A569S. Inset table indicates maximal
growth at 100nM tamoxifen. Assays were performed in triplicates with P-values error bars
(standard error) indicated.
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