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Abstract Currently, clinical characterization of metastatic breast cancer is based on tissue
samples taken at time of diagnosis. However, tissue biopsies are invasive and tumors are
continuously evolving, which indicates the need for minimally invasive longitudinal assess-
ment of the tumor. Blood-based liquid biopsies provide minimal invasive means for serial
sampling over the course of treatment and the opportunity to adjust therapies based on
molecular markers. Here, we aim to identify cellular changes that occur in breast cancer
over the lifespan of an affected patient through single-cell proteomic and genomic analysis
of longitudinally sampled solid and liquid biopsies. Three solid and 17 liquid biopsies from
peripheral blood of an ER+/HER2− metastatic breast cancer patient collected over 4 years
and eight treatment regimens were analyzed for morphology, protein expression, copy-
number alterations, and single-nucleotide variations. Analysis of 563 single morphometri-
cally similar circulating tumor cells (CTCs) and 13 cell-free DNA (cfDNA) samples along
with biopsies of the primary and metastatic tumor revealed progressive genomic evolution
away from the primary tumor profiles, along with changes in ER expression and the appear-
ance of resistancemutations. Both the abundance and the genomic alterations of CTCs and
cfDNAwere highly correlated and consistent with genomic alterations in the tissue samples.
Wedemonstrate that genomic evolution and acquisition of drug resistance can be detected
in real time and at single-cell resolution through liquid biopsy analytes and highlight the util-
ity of liquid biopsies to guide treatment decisions.

[Supplemental material is available for this article.]

INTRODUCTION

Treatment strategies for breast tumors are based on histological and molecular characteris-
tics of tissue samples taken at time of diagnosis and only repeated in the case of metastatic
relapse. Current clinical practice faces the challenge of tracing tumor evolution across mul-
tiple lines of therapy as well as accounting for tumor heterogeneity and its effects on treat-
ment response (Vignot et al. 2012; Parikh et al. 2019). In contrast, liquid biopsies offer the
potential to assess the state of a cancer at multiple time points over the course of treatment
with the opportunity to guide therapeutic decisions in real time regardless of tissue of origin.
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In this extensive case study, we explore the value and feasibility of longitudinal multiana-
lyte liquid biopsies as aminimally invasive tool to monitor tumor evolution under therapeutic
pressure and acquired drug resistance in a hormone-positive metastatic breast cancer
patient.

Over the past two decades, circulating tumor cells (CTCs) and cell-free DNA (cfDNA)
have been intensely studied as a means to gain access to tumor-derived content through
minimally invasive procedures in order to assess drug response, monitor tumor evolution,
and detect drug resistance (Navin et al. 2011; Murtaza et al. 2013; Bettegowda et al.
2014; Wang et al. 2020). cfDNA analysis has become a popular tool to test for acquired re-
sistance mutations across various cancer types such as lung, prostate, colorectal, and breast
cancer and is heavily studied for the diagnosis, prognosis, and monitoring of cancers
(Dawson et al. 2013; Murtaza et al. 2015; Abbosh et al. 2017; Wyatt et al. 2017; O’Leary
et al. 2018; Ahlborn et al. 2019). Although cfDNA can provide valuable insight for targeted
drug selection, these tests lack information on protein expression as well as single-cell res-
olution to characterize genomic heterogeneity available from CTCs. The presence of
CTCs and CTC clusters has been associated with reduced progression-free and overall sur-
vival, yet enumeration alone is insufficient in capturing both the heterogeneity of the disease
as well as the mechanisms of drug resistance (Cristofanilli et al. 2004; Aceto et al. 2014;
Carlsson et al. 2014). Hence, recent efforts have focused on the combined proteo-genomic
characterization of CTCs to identify common alterations and to detect druggable targets,
with the first clinically actionable breakthrough in castrate-resistant prostate cancer (Scher
et al. 2018). Today, it is well established that cfDNA and CTCs are easily accessible surro-
gates for solid biopsies that are representative of the primary and metastatic tissues
(Palmirotta et al. 2018), and although they have been largely studied in parallel, the trend
has shifted to a more comprehensive liquid biopsy with the combined analysis of CTCs,
cfDNA, and other blood-based analytes (Rossi et al. 2018; Gorges et al. 2019; Heitzer
et al. 2019; Kasimir-Bauer et al. 2019; Morad et al. 2019). Yet there is a need to demonstrate
the value of repeatedmultianalyte liquid biopsy assessment for monitoring patients over the
entire time course of the disease.

This unique index case presented an opportunity to assess 17 sequential blood draws
collected over 4 years and eight treatment regimens. Through genomic and proteomic char-
acterization of single CTCs and cfDNA, we observed the sequential acquisition of cancer
driver and drug resistance mutations in light of the patient’s clinical status. Our findings
not only shed light into the relationship between CTCs and cfDNA, but also highlight how
both analytes can be leveraged for precision medicine.

RESULTS

Clinical History and Sample Collection
The patient was first diagnosed in April 2012withmetastatic breast cancer withmetastases to
the lung, lymph nodes, and bone. Histological assessment of her breast tissue biopsy found
strong staining for estrogen receptor (ER) with 100% positive nuclei, which indicates a strong
dependence of the tumor on the ER signaling pathway. Cellswereweakly positive for proges-
terone receptor (PR) with 2%–3% nuclei staining. No ERBB2/neu gene amplification was de-
tected in the neoplastic cell population. As a result, shewas startedon an aromatase inhibitor.
In October 2013, she was enrolled in a clinical study (PSOC0086) (Rodriguez-Lee et al. 2018)
and contributed 17 sequential blood draws at clinical examinations over a 4-year period.
Analysis of each blood sample included the enumeration and characterization of CTCs, quan-
tification of cfDNA and circulating tumorDNA (ctDNA) fraction, and genomic analysis of both
CTCs and cfDNAwith the high-definition single-cell assay (HDSCA) workflow (Fig. 1A). CTCs
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were identified as DAPI and pan-Cytokeratin (CK)-positive, cluster of differentiation 45
(CD45)-negative events and further classified for ER expression. Representative images of
ER+/− CTCs are shown in Figure 1B. The ctDNA fractions were approximated based on com-
parison of the segmented copy-number alteration (CNA) amplitudes in cfDNA with those
from pure single-cell DNA with a limit of sensitivity at ∼5% tumor DNA (Fig. 1C).

At the time of the first blood draw in October 2013 the patient exhibited increasing met-
astatic burden and was switched from first-line treatment (letrozole) to fulvestrant. During the
fulvestrant treatment (draws 1–3), her tumor markers (CA 27.29) and CTC counts increased.
However, at draw 3 the fraction of ER+ CTCs decreased dramatically. Because of increasing
pain and rising tumormarker shewas switched in January 2014 to a combination of anmTOR
inhibitor (everolimus) and an aromatase inactivator (exemestane) (draws 4 and 5). Tumor
markers increased during this treatment, and the CTC counts increased drastically to
>3000 CTC/mL. In August 2014, a needle biopsy of the liver confirmed a visceral crisis, ex-
tensively involved with metastatic adenocarcinoma, and her therapy was changed to a two-

B
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Figure 1. Schematic overview of the high-definition single-cell analysis (HDSCA) workflow for circulating tu-
mor cell (CTC) characterization and cell-free DNA (cfDNA) analysis. (A) Blood samples were centrifuged and
plasmawas collected for cfDNA analysis. The remaining blood underwent erythrocyte lysis and nucleated cells
were plated onto custom microscopy slides. To visualize CTCs among white blood cells, slides were stained
with DAPI (DNA), CD45 (WBCmarker), CK− (epithelial marker), and ER (CTC characterization). Candidate cells
were isolated by micromanipulation and underwent whole-genome amplification. Polymerase chain reaction
(PCR) products and extracted cfDNAwere analyzed for copy-number alterations (CNAs) and single-nucleotide
variations (SNVs). (B) Representative images of ER+ and ER− CTCs. Nuclei are stained with DAPI (blue) and an-
tibodies against CKs (red), ER (white), and CD45 (green). (C ) Circulating tumor DNA (ctDNA) content was ap-
proximated based on the amplitudes of CNAs. Single cells are per definition 100% of tumor DNA, whereas
cfDNA is a mix of nonmutated white blood cells (WBCs)/healthy tissue and tumor DNA. The height of the
ctDNA amplitudes marks the tumor content. ctDNA content was estimated based on the ratio of CNA ampli-
tudes between cfDNA and single-cell profiles.
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agent chemotherapy (capecitabine and paclitaxel) (draws 6–11). Drastic decreases in both
CA 27.29 levels and CTC counts were observed in response to this therapy, and analytes re-
mained low while she received chemotherapy. In October 2015, because of adverse events
associated with cytotoxic therapy, her treatment was changed back to ER deprivation ther-
apy (fulvestrant together with palbociclib) until December 2016 (draws 12–16). Tumor mark-
ers and CTCs remained relatively low through that period until December (draw 16) when
both CA 27.29 and CTC counts again rose dramatically. Her treatment was changed back
to chemotherapy (carboplatin), which led to an initial decrease in tumor markers.
However, after a change in chemotherapeutic agents (from carboplatin to capecitabine),
her CA 27.29 levels again rose dramatically as did the CTC count (draw 17). Final paclitaxel
treatment following the capecitabine regimen was also ineffective and the patient suc-
cumbed to the disease shortly thereafter. The treatment history along with CTC counts
and CA 27.29 levels at each examination are shown in Figure 2. Details from the clinical nar-
rative are presented in Supplemental Data (Supplemental Fig. S1).

ER Expression Is Related to Treatment Response
Of the 17 collected blood draws, 12 draws had >5 CTCs/mL blood and four draws had
>3000 CTCs/mL. Examination of ER protein expression of CTCs by immunofluorescence
found that ER positivity fluctuated drastically across draws. Interestingly, ER positivity de-
creased drastically in response to first-line fulvestrant treatment (draws 1–3), but did not
decrease equally during second line of fulvestrant treatment in 2016 (draws 14–16).
Overall, ER+ CTCs represented the majority of cells across draws.

CTCEnumeration Is Correlatedwith ctDNA Fraction, CA27.29 Levels, andDisease State
Next, we assessed whether the levels of liquid biopsy analytes were correlated. We found
positive correlations between CTCs/mL, cfDNA concentrations, and ctDNA fractions (Fig.
3). Although we could not calculate the correlation between CA 27.29 and liquid biopsy an-
alytes as CA 27.29 levels were not measured at the same draw date as liquid biopsy draws, it
is evident that that their levels trend similarly. Increases in CA 27.29, CTCs/mL, ctDNA frac-
tions, and cfDNA concentration were all associated with disease progression.

CNA Analysis of CTCs and Tissue Biopsies Traces Tumor Lineage
To examine the extent of genomic heterogeneity at time of enrollment, we tested single cells
detectedby theHDSCA forCNAs.Candidate cellswere isolatedbymicromanipulation for low-
passwhole-genome sequencing andCNAprofiling. Genomic analysis of 73 singleCTCsof the
first timepoint revealed three closely related subclones apparently derived fromacommonan-
cestor and exhibiting a sequential increase in CNA complexity (Fig. 4A). Truncal events in all
subclones include segmental losses on Chromosomes 1p, 6q (ESR1), 11p/q (ATM), 13q
(BRCA2, FOXO1A, RB1), 14q,16q (CDH1, CDH11) plus a gain of 1q (ABL2, ELK4, MDM4)
and focal deletions on 3p (FOXP1), and 21q (Supplemental Fig. S2). Additional CNAs in sub-
clones 2 and 3 include losses on 8p and 18q and amplifications on 11q (CCND1), from which
we infer progressive evolution. To confirm the tumorous origin of these cells, bulk tissue biop-
sies of theprimary breast aswell as bone and livermetastaseswere assessed for CNAs (Fig. 4B).
Comparative analysis of single cells from draw 1 with bulk tissue biopsies from primary breast
and metastatic sites revealed that tumors in primary breast and bone were dominated by sub-
clone 1 cells, whereas the later liver metastasis was comprised of nearly 100% subclone 2 cells.

Expanding our single-cell analysis to the remaining blood draws, we found that virtually
all analyzedCTCs clusteredwith one of the three subclones, regardless of the blood draw, up
until draw 16. Few exceptions were rare intermediate subclones, which shed light on how the
three subclones formed (Supplemental Fig. S3). Three and a half years after enrollment (draw
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16) we discovered a new genomically related subclone 4, which had acquired additional
chromosomal gains of Chromosome 5, 6p, 8q, 16p, and 20, containing genes such as
MAP3K1, APC, MYC, ASXL1, and ZNF217 (Fig. 4C,D; Supplemental Figs. S2, S4).
Interestingly, CTCs across the four genomic subtypes were phenotypically similar when com-
pared for nuclear and cellular area, eccentricity, and perimeter (Supplemental Fig. S5).

Analysis of 42 commonly altered genes implicated in breast cancer finds that CNAs pres-
ent at time of enrollment span a wide variety of genes implicated in apoptosis, DNA repair,

B

A

Figure 2. Treatment history and liquid biomarker evaluation (A) CTC counts (blue bars) and serummarker CA
27.29 (gray dots) evaluation over time. The normalized proportion of ER+ (light blue) and ER− (dark blue) are
denoted in the bars. (B) Summary of draw dates, therapy at time of blood draw, CTC abundance, and ER ex-
pression as well as cfDNA/ctDNA abundance. (N/A) Not available, (N/D) not detectable.
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cytokinesis, and G1/S-phase transition (Table 1). In contrast, CNAs gained with subclone 4
primarily affect cell cycle control. Additionally, subclones 1–3 were dominated by copy-num-
ber losses, whereas subclone 4 acquired mainly copy-number gains. Although the abun-
dance of the clones varied among draws, we found that subclone 2 was the most
prominent clone in nine of the 11 draws with high CTC counts (Fig. 4C,D).

CNA Analysis of cfDNA Reveals a Genomic Relationship with CTCs
Next, we assessed how the abundance and genomic content of cfDNA are related to CTCs
and solid tissue biopsies. cfDNA was extracted from draws 4–17 (plasma was not available
from draws 1–3) and sequenced for CNA profiling. We found not only that ctDNA fraction,
cfDNA concentration, and CTC abundance were positively correlated (Fig. 3), but also that
the CNA profiles of ctDNA represented the aggregate of CTC subclones (Fig. 4D). In partic-
ular, ctDNACNA profiles reflect the most abundant CTC subclone per time point. Figure 4D
contains an overlay of draw 5 cfDNA CNAs with subclone 2 and draw 16 cfDNA CNAs with
subclone 4 showing the correspondence of genomic alterations and the differences in
amplitude.

ESR1 Mutation Analysis in Tissue Samples, cfDNA, and CTCs Uncovers Parallel
Endocrine Resistance Evolution
To explore the cause of hormone treatment failure, we used the Thermo Fisher Oncomine
breast cancer panel to test cfDNA for SNVs. Oncomine test results revealed an ESR1
Y537N mutation at draw 5, which was collected after multiple rounds of hormone therapy,
followed by a second ESR1 mutation (D538G) in draw 6 (Fig. 5A). Given the heterozygous
deletion in Chromosome 6q in the region containing the ESR1 gene, a single mutation in
the ESR1 gene resulted in complete loss of wild-type (WT) ER in affected cells. In the ninth
blood draw a TP53mutation was detected for the first time, but remained at low abundance.
Draw 16 is the first time we find not only a new subclone based on CNA profiling, but also a
mutation in PIK3CA (E542K) as well as an additional ESR1mutation (Y537S). Overall, we de-
tected a low SNV burden across all blood draws, with a majority of known endocrine resis-
tance inducing ESR1 mutations.

To test whether the patient’s tumor harbored any of these SNVs at the time of diagnosis,
we performedwhole-exome sequencing of the primary breast tissue andmetastatic bone and
liver biopsies and confirmed results by Sanger sequencing (Fig. 5B; Supplemental Fig. S6A).
None of the mutations detected later in the plasma were found in the breast and bone

BA C

Figure 3. Correlation between CTCs/mL, ctDNA fraction, and cfDNA concentration. (A) Correlation between
CTCs/mL and the concentration of cfDNA. Pearson correlation coefficient R² = 0.92 and two-tailed P-value
<0.0001. (B) Correlation between CTCs/mL and the ctDNA fraction. Pearson correlation coefficient R² =
0.77 and two-tailed P-value <0.0001. (C ) Correlation between the ctDNA fraction and cfDNA concentration.
Pearson correlation coefficient R² = 0.83 and two-tailed P-value <0.0001. ctDNA fractions <5% were consid-
ered 0.
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Figure 4. Copy-number alteration analysis of CTCs, tissue biopsies and cfDNA. (A) Heatmap of 73 CTCs iso-
lated from draw 1. CTCs cluster into three distinct subclones. Copy-number gains are shown in red and losses
in blue. (B) Direct comparison of tissue biopsies with specific CTC subclones. (C ) Fluctuations of CTC subclone
abundance across the 17 draws. Time points with less than 10 evaluable CTCs were excluded from analysis
(draw 7–12). (D) Comparative analysis of ctDNA and CTC abundance and their genomic relationship. (Left)
Representative CTCs of each subclone highlight genomic relationship across subclones. CTC CNA profiles
of subclone 2 and 4 are superimposed with cfDNA CNA profile of draw 5 and 16, respectively. (Middle)
cfDNA CNA profiles from draw 4–17. Plasma of earlier draws was not available for analysis. (Right)
Percentage of ctDNA, most dominant subclone, and CTCs/mL blood.



Table 1. List of gains and losses of 42 frequently altered breast cancer genes per genomic subclone

Gene Subclone 1 Subclone 2 Subclone 3 Subclone 4 WBC

ARID1A Loss Loss Loss Loss None

SF3B1 None None None None None

CASP8 None None None None None

SETD2 None None None None None

BAP1 None None None None None

PIK3CA None None None None None

MAP3K13 None None None None None

MAP3K1 None None None Gain None

APC None None None Gain None

ESR1 Loss Loss Loss None None

ARID1B Loss Loss Loss None None

MLL3 None None None None None

ZNF703 None Loss Loss None None

FGFR1 None Loss Loss None None

MYC None None None Gain None

CDKN2A None None None None None

GATA3 None None None None None

PTEN None None None None None

CCND1 None None Gain None None

CDKN1B None None None None None

KRAS None None None None None

ARID2 None None None None None

MLL2 None None None None None

SMARCD1 None None None None None

MDM2 None None None None None

TBX3 None None None None None

BRCA2 Loss Loss Loss Loss None

RB1 Loss Loss Loss Loss None

AKT1 None None None None None

CDH1 Loss Loss Loss Loss None

TP53 None None None None None

MAP2K4 None None None None None

NCOR1 None None None None None

NF1 None None None None None

ERBB2 None None None None None

BRCA1 None None None None None

SMAD4 None None None None None

STK11 None None None None None

AKT2 None None None None None

ASXL1 None None None Gain None

ZNF217 None None None Gain None

AR None None None None None

Copy-number alteration analysis of representative CTCs of the four subclones and a white blood cell (WBC) count for 42
commonly altered genes in breast cancer. Gains and losses are shown for four representative CTCs of each subclone and
1 representative WBC of draw 16.
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Figure 5. SNV analysis of cfDNA, tissue biopsies, and CTCs. (A) Overview of cfDNA mutation status by
Oncomine Breast Cancer panel and comparison with single-cell Sanger sequencing. (B) Summary of whole-
exome sequencing results of tissue biopsies for mutations detected in the ctDNA. (C ) Representative exam-
ples of ESR1 Sanger sequencing traces of WT and mutant CTCs. (D) Representative examples of PIK3CA
Sanger sequencing traces of WT and mutant CTCs. (E) ER expression per subclone across all CTC-positive
draws. (F ) Comparative analysis of CNA subclones and ESR1 genotype of single CTCs across all evaluated
time points. Numbers indicate number of cells scored. (G) Comparative analysis of ER protein expressionmea-
sured by immunofluorescence and ESR1 genotype of single CTCs across all evaluated time points. Numbers
indicate number of cells scored. (N/A) Not available, (ND) not determined.

Monitoring genomic evolution at single-cell level

C O L D S P R I N G H A R B O R

Molecular Case Studies

Welter et al. 2020 Cold Spring Harb Mol Case Stud 6: a005819 9 of 20



biopsies, which were collected at the time of diagnosis. However, we detected the same
Y537N mutation in the liver biopsy, which was taken 1.5 months after draw 5. This indicates
that the tumor likely initially developed by large chromosomal alterations that remained re-
markably stable over many years, yet eventually evolved primarily through specific SNVs.

To pinpoint when the first ESR1 mutation emerged and to deconvolute the mutational
heterogeneity of single cells, we designed an assay for single-cell SNV analysis to examine
CTCs for ESR1mutations. Leukocytes isolated from the same blood draw were used as con-
trols (Supplemental Fig. S6A,B). None of the CTCs and WBCs isolated from draws 1 and 3
harbored the expected mutation (Fig. 5A). In contrast, CTCs, but not WBCs from draw 5 on-
ward, exhibited the same Y537N mutation found at high variant allele fraction in the cfDNA
and the liver metastasis. Also, in line with the cfDNA results, we detected Y537S and D538G
mutations in CTCs of the later blood draws (draw 15–17). Representative ESR1 Sanger se-
quencing traces are shown in Figure 5C. Interestingly, mutations in amino acid 537 were mu-
tually exclusive from those in amino acid 538, indicating parallel mechanisms of resistance.

Out of the 19 instances of ESR1 mutations found in cfDNA with the Oncomine assay
across the draws, only twowere not detected at the single-cell level (Fig. 5A). However, these
two mutations occurred at either very low frequency and/or low ctDNA fraction and could
have been missed because of the limited number of cells sequenced. In contrast, all muta-
tions detected at the single-cell level were found in the cfDNA by the Oncomine assay.

ESR1 Mutations Occur Independently of CNAs, but Are Positively Associated
with ER Protein Expression
Next, we determined whether there was any association between ESR1 mutations, ER ex-
pression, and CNA-defined subclones. Despite their genomic differences, cells from the
four subclones identified by CNA analysis were not associated with a specific ER expression
phenotype (Fig. 5E), indicating that fluctuations in ER expression are independent of their
gross chromosomal alterations. In addition, ESR1 mutations occurred independently of
the subclones, signifying that ESR1 resistance has developed independently from the
CNAs (Fig. 5F). Interestingly, all ESR1-mutated cells expressed nuclear ER protein as visual-
ized by immunofluorescence (Fig. 5G). Thus, although cfDNA analysis by Oncomine provid-
ed higher apparent sensitivity, single-cell analysis was required to evaluate the distribution of
the 537 and 538 mutations and associate mutations with ER protein expression.

Co-occurrence of PIK3CA Mutation and Subclone 4 Marks the Point
of Multitreatment Failure
Finally, we tested whether there was an association between the occurrence of subclone 4
cells and the detection of PIK3CA mutations at draw 16, specifically whether PIK3CA muta-
tions were exclusive to cells of subclone 4. Single-cell SNV analysis of draw 16 found one
CTC with the E542K mutation out of 16 sequenced CTCs (Fig. 5D). Interestingly, the CNA
profile of the E542K-mutated cell exhibits the same gains and losses typical of subclone 4,
which indicates that the PIK3CA point mutation may have occurred specifically in a subset
of subclone 4 cells.

Ploidy of CTCs Gives Insight into Tumor Evolution through Genomic Duplication
Based on the CNA profiles, we hypothesized that subclone 4 might have been created by
duplication of subclone 2. Hence, to test the ploidy of CTCs, we performed fluorescence
in situ hybridization with a probe for the centromeric region of Chromosome 6 (Fig. 6A).
As this region was affected by a heterozygous loss as found by CNA analysis in subclone
1–3 cells, one focus marks diploid cells, whereas two foci point toward a tetraploid CTC
for these subclones. Analysis of CTCs of draw 14, which solely contains cells of clone 1–3,
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finds only diploid cells (Fig. 6B). The first time cells with two foci were detected was with the
appearance of subclone 4 at draw 16 (Fig. 6B). Subclone 4 is copy number normal for
Chromosome 6, meaning two foci mark a diploid cell. The percentage of cells with two
foci in draw 16 is comparable to the percentage of CTCs of subclone 4 (Fig. 6B,C), indicating
that subclone 4might have been created by duplication of multiple chromosomes of clone 2
as described byNavin et al. followed by additional misassortment of arms (Navin et al. 2011).

DISCUSSION

Our goal in this study was to shed light on the biology of treatment responses through char-
acterization of CTCs and cfDNA in an individual patient throughout the course of treatment
and to demonstrate the feasibility and utility of multianalyte liquid biopsies in larger, multi-
patient studies. In this context, we highlighted how protein and genomic changes in liquid
biopsy analytes can provide valuable information about tumor evolution, treatment re-
sponse, and resistance mechanisms. In short, longitudinal blood sampling of a metastatic
breast cancer patient enabled tracing of disease evolution robustly and less invasively
than solid tumor biopsies.

First, we demonstrated that CTC enumeration and ctDNA abundance was associated
with treatment response and showed similar trends as CA 27.29 levels. Assessment of ER
provided insight into drug-induced alterations of ER protein expression. In particular, ER+

CTCs decreased dramatically in the first round of ER-targeted treatment with fulvestrant
(draws 1–3), a selective estrogen receptor degrader (SERD), indicating that fulvestrant, but
no other drug specifically reduced ER+ CTCs. In contrast, the second round of fulvestrant
treatment (draws 13–15) was less effective in eliminating ER+ cells, possibly because of ac-
quiredmutations in the ESR1 gene, which have been linked to reduced efficacy of fulvestrant
binding (Weis et al. 1996; Jeselsohn et al. 2014; Toy et al. 2017).

Single-cell CNA analysis revealed the presence of three genomically related subclones,
with a fourth subclone appearing 3.5 years after trial initiation. It is striking that these three sub-
clones persisted throughout various treatments, varying only in relative fraction, indicating
high genomic stability. Comparative analysis of CNA profiles of tissue biopsies and CTCs
found only subclone 1 in the tissue taken at diagnosis, whereas subclone 2 cells dominated
the liver metastasis detected 2.5 years later. Because of the time gap between the breast/
bone biopsy and the first liquid biopsy, it is unclear whether subclones 2 and 3 developed
in the breast/bone in that interval or were present at diagnosis, but below the detection limit.
Although the clonal origin is not clear, we can conclude thatmatchingCNAprofiles of CTCs to

BA C

Figure 6. Assessment of ploidy of CTCs by fluorescence in situ hybridization (FISH). (A) Representative images
of CTCs stained with DAPI (blue), CK−-Alexa-555 (red), Chromosome 6 probe (white), and CD45-Cy5 (green,
not shown). Composite includes DNA staining, CK− expression, and Chromosome 6 probe. CTCs and sur-
rounding WBCs were scored for number of Chromosome 6 foci. (B) Percentage of cells with one or two foci
were calculated for each draw. (C ) Percentage of CNA subclones are shown for each draw. We find approxi-
mately the same number of clone 4 cells as CTCs with two foci.
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those from the cancerous tissue proves their direct relationship, as all CTC subclones detected
by HDSCA are either present in the biopsied tissue or evolutionary related to them.

Plasma DNA analysis revealed not only a positive correlation between the abundance of
ctDNA and CTCs but also the genomic relationship between the two. Specifically, we found
that CNA profiles of ctDNAmimic the most abundant CTC subclone in each draw. Although
plasma-based assays detected the presence and genomic makeup of tumor-derived DNA,
single-cell high-content resolution was required to deconvolute the subclones and their re-
lationship with ER protein expression at the cellular level.

In addition to tracing disease burden, therapy response, and gross chromosomal alter-
ations, we monitored the emergence of potential resistance mutations in CTCs and
cfDNA using PCR-based sequencing of ESR1 and the targeted Oncomine Breast Hotspot
panel, respectively. Given the strong ER staining and high positivity of ER in the breast biopsy
and cells of the first blood draw, it is not surprising that various ESR1 mutations (Y537N,
Y537S, D538G) (Cancer Genome Atlas Network 2012; Schiavon et al. 2015;
Chandarlapaty et al. 2016; Fribbens et al. 2016) were detected in the cfDNA, single CTCs,
and tissue from the liver biopsy after treatment with a SERD. These mutations have been as-
sociated by other groups with reduced fulvestrant efficiency and hormone therapy resistance
by promoting ligand-independent activation (Weis et al. 1996; Yu et al. 2014; Chandarlapaty
et al. 2016; Chu et al. 2016; Toy et al. 2017). Single-cell SNV analysis foundmutations in ami-
no acid 537 to bemutually exclusive from those in amino acid 538, indicating the coevolution
of multiple resistance pathways. Interestingly, all ESR1-mutated cells expressed nuclear ER,
signifying ER pathway activation. This is an important observation, because it cautions that
nuclear ER expression does not necessarily translate to clinically targetable ER. In addition
to ESR1 mutations, a TP53 mutation was detected after chemotherapy treatment and a
PIK3CA mutation was first found together with the appearance of subclone 4. Although
the one detected PIK3CAmutant cell exhibited chromosomal rearrangements characteristic
of subclone 4, more data is needed to establish a direct relationship. Co-occurrence of TP53
and PIK3CA mutations has been reported as worse clinical outcome when compared to
TP53 or PIK3CA mutations alone (Croessmann et al. 2017). Aside from the likely treat-
ment-induced ESR1 mutations, and the late appearing TP53 and PIK3CA lesions, we did
not detect additional point mutations, indicating that the cancer, particularly in its early de-
velopment, may have been largely driven by CNAs.

Pathway analysis of 42 commonly altered genes in breast cancer revealed that CNAs of the
evolutionary first subclone affect a variety of genes associated with hallmarks of cancer as de-
scribed by Weinberg et al. (Hanahan and Weinberg 2000). Through the altered dosage of af-
fected genes and their products these cells gained the ability (1) to evade apoptosis (ARID1A)
(Shen et al. 2015), (2) accumulate mitotic errors (CDH1) (Lecuit and Yap 2015; Bajrami et al.
2018), (3) diminish their DNA repair (BRCA2) (Venkitaraman 2009), and (4) sustain proliferative
signaling (RB1) (Giacinti and Giordano 2006). In contrast, genes altered in subclone 4 such as
MYC andAPC (Alevizopoulos et al. 1997; Eytan et al. 2006) primarily impact checkpoints in the
cell cycle. Together with the TP53, ESR1, and newly acquired PIK3CA point mutations, these
alterations are consistent with increased cyclin D abundance, and eventually enhanced prolif-
eration (Rocha et al. 2003; Presti and Quaquarini 2019). In short, CNAs of subclone 1 impact a
variety of mechanisms required for tumor development, whereas later CNAs of subclone 4
specifically promote cell cycle transition. This could explain why chemotherapy has resulted
in both biochemical response and clinical improvement from draws 6 and 11 in the absence
of subclone 4. In contrast, in the presence of subclone 4, chemotherapy agents as well as
the CDK4/6 inhibitor might not have been sufficient to overcome the additional proliferative
stimuli. Although ESR1 mutations could have resulted in decreased response to endocrine
therapy, we propose that the combination of newCNAs and SNVs at draw 16possibly resulted
in multitreatment failure with the patient passing away shortly after. Yet, the detection of the
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PIK3CA SNV could have indicated alternative treatment options with targeted inhibitors such
as alpelisib (which was not available at the time).

In summary, these results demonstrate that a combined solid and liquid biopsy analysis
across multiple time points and integrated analysis of bulk and single-cell analytes can
provide a high-resolution view of tumor evolution under treatment pressure. Although forma-
lin-fixed paraffin-embedded (FFPE) tissue and cfDNA can provide insight into protein expres-
sion and genomic aberrations respectively, neither can compete with the ready access nor the
single-cell resolution required for tracing tumor evolution enabledby characterization ofCTCs.
cfDNA, however, can be leveraged for multigene SNV analysis, which is currently too labor-in-
tensive on a single-cell level, whereas tissue biopsies inform about the tumor’s histopathology.
We believe that liquid biopsy analysis of both CTCs and cfDNA should become a complemen-
tary tool to current standard-of-care solid biopsies. This would allow for minimally invasive fol-
low-up of patients throughout their treatments with the added advantage of detecting
acquired therapy resistance mechanisms and guiding treatment selection.

In the future, integrating additional assays such as the assessment of ESR1 methylation
status, single-cell RNA sequencing (scRNA-seq), and multiplex proteomics as well as charac-
terizing the circulating tumor microenvironment could all provide an even deeper character-
ization of a patient’s tumor, its evolution, and response to therapy (Goon et al. 2009; Chung
et al. 2017; Mastoraki et al. 2018; Jackson et al. 2020; Rao et al. 2020). In addition, recent
studies have investigated the biological features of cfDNA, such as nucleosome positioning,
fragment size analysis, and copy-number alteration analysis as a measure for disease out-
come (Snyder et al. 2016; Mouliere et al. 2018; Paymaneh et al. 2018). Each of these assays
has been proven or shown great potential to be clinically relevant for either diagnosis, prog-
nosis, or assessing response to therapy (Radovich et al. 2020). Hence, it is essential to expand
on and replicate our findings in a larger cohort of patients to substantiate the utility of lon-
gitudinal multianalyte liquid biopsy in metastatic breast cancer and to incorporate additional
analytes for a comprehensive liquid biopsy.

MATERIALS AND METHODS

Collection and Processing of Blood Samples
Patient peripheral blood samples were collected in Streck DNA tubes according to the ap-
proved protocol established by the Institutional Review Board of Billings Clinic. We note that
this was a retrospective study and results were not used to influence treatment decisions.
After collection, blood samples were shipped overnight to the Kuhn–Hicks laboratory, initial-
ly at The Scripps Research Institute (TSRI) and subsequently University of Southern California,
and were processed within 48 h of the blood draw consistent with previously validated pro-
tocols (Rodriguez-Lee et al. 2018). Sample preparation was performed as previously de-
scribed (Marrinucci et al. 2012; Dago et al. 2014) with an additional plasma collection
step. In brief, blood plasma was separated by centrifugation for 10 min at 2000g.
Collected plasma was centrifuged again for 10min at 14000g to removeWBCs and platelets
and frozen at −80°C for further analysis. The extracted plasma volume was replenished with
1× PBS. Blood samples underwent erythrocyte lysis in ammonium chloride solution and the
nucleated cells were resuspended in PBS to create a monolayer of cells on proprietary cell-
adhesion slides (Marienfeld). Slides were incubated for 40 min at 37°C, treated with 2% BSA,
and stored at −80°C for further morphological and genomic analysis.

Immunofluorescence Staining and CTC Enumeration
For this study, we used a four-color version of the published HDSCA workflow (Marrinucci
et al. 2009; Rodriguez-Lee et al. 2018) in which the ER status was assessed in the CK+,
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CD45− CTC population. Briefly, the cells were labeled using mouse monoclonal CK19
(1∶100; Dako) and panCK (1∶100; Sigma-Aldrich) to identify CK+ cells. ER+ CTCs were iden-
tified using the SP1 clone (1:250, Thermo Fisher Scientific). Secondary antibodies conjugat-
ed with Alexa 555 goat (1:500) and Invitrogen Alexa 488 goat anti-rabbit (1:1000) were used
to visualize the CK and ER primary antibodies, respectively. Alexa Fluor 647 conjugated
mouse anti-human CD45 (1:125, AbD Serotec) was used to identify the white blood cells.
DNA was stained with DAPI. CTC enumeration was initialized using a high-throughput fluo-
rescence microscope at 10× magnification. Presumptive CTCs were identified as DAPI/CK+

and CD45−. For draws with >3000 CTCs/mL, CTC abundance was approximated by count-
ing a subset of cells and extrapolating to the full set. The expression and subcellular locali-
zation of the estrogen receptor was simultaneously measured, and CTCs were evaluated by
identifying the presence (ER+) or absence (ER−) of nuclear ER staining. To determine pheno-
typic differences of cells within a draw, cells were analyzed for cellular/nuclear shape and size
at 10× and 40× magnification in R using EBImage and ggfortify. Data was visualized with R
and GraphPad Prism.

Isolation of Single Cells
The identified CTCs were subsequently relocated and imaged at 40× for detailed morpho-
metric analysis. To retrieve cells for genomic analysis, an Eppendorf TransferManNK2micro-
manipulator was used to capture the cell of interest in a micropipette and transfer it to a PCR
tube containing 2 μL of lysis buffer (200 mM KOH; 50 mM DTT). The lysate was frozen and
stored at−80°C for genomic processing. Decontamination ofmicropipettes andmicroscope
stage was performed 30 min prior to each cell capture procedure.

The lysed cell mixture was thawed and underwent whole-genome amplification (WGA)
and sequencing library construction as previously reported (Dago et al. 2014; Thiele et al.
2019). Briefly, WGA was done using the WGA4 Genomeplex Single Cell Whole-Genome
Amplification Kit (Sigma-Aldrich) followed by purification with the QIAquick PCR
Purification Kit (QIAGEN). DNA concentration was measured using the Qubit Fluorometer
system (Thermo Fisher Scientific), and fragment size distribution was measured with the
Agilent 2100 Bioanalyzer (High-sensitivity DNA Kit, Agilent Technologies). Single-cell
Illumina sequencing libraries were created using the Illumina paired indexing system, and
pools of up to 96 cells were sequenced at the USC Dornsife Sequencing Core to generate
∼500,000 mapped reads per sample (minimum 250,000).

cfDNA Isolation and Illumina Whole-Genome Library Construction
Plasma was thawed and cfDNA was extracted with the QIAamp Circulating Nucleic Acid Kit
(QIAGEN) according to the manufacturer’s instructions. DNA concentration was measured
using Qubit Fluorometric Quantitation (Thermo Scientific). Illumina DNA sequencing librar-
ies were constructed with the NEBNext Ultra II DNA Library Prep Kit (New England Biolabs)
according to manufacturer’s instructions and barcoded with Multiplex Oligos for Illumina
(New England Biolabs). The sample size distribution of both the extracted DNA and the se-
quencing library was measured with the Agilent 2100 Bioanalyzer (High-sensitivity DNA
Assay and Kit, Agilent Technologies). Samples were sequenced at low depth to generate
∼500,000 mapped reads per sample (minimum 250,000).

Histological Evaluation of FFPE Tissue Samples
As part of the routine clinical workup, the breast needle core biopsy was assessed for the de-
gree of staining as well as percentage of stained nuclei of the ER (monoclonal mouse anti-
human ER [alfa], clone 1D5 from Dako) and PR (monoclonal mouse anti-human PR [alfa],
clone PgR 636 from Dako). In addition, HER2/neu gene copy was determined by FISH using
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the FDA approved PathVysion Test Kits from Vysis, Inc. Copies of the HER2/neu gene and
Chromosome 17 were determined by FISH and probes for HER2/neu gene locus and cen-
tromeric position of Chromosome 17.

DNA Extraction of FFPE Tissue and Illumina Library Construction
FFPE tissue samples of the primary breast as well as bone and liver metastasis were micro-
dissected and DNA was extracted with the AllPrep DNA/RNA FFPE kit according to manu-
facturer’s instructions. Sequencing libraries were constructed with the NEBNext Ultra II DNA
Library Prep Kit and barcoded with Multiplex Oligos for Illumina (New England Biolabs) ac-
cording tomanufacturer’s instructions. The sample size distribution of the sequencing library
was measured with the Agilent 2100 Bioanalyzer (High-sensitivity DNA Assay and Kit,
Agilent Technologies) and the concentration was measured with Qubit (Thermo Fisher
Scientific). Samples were sequenced at USC Core facilities.

Copy-Number Alteration Analysis
Bioinformatic analysis for copy-number profiling was performed as previously published
(Baslan et al. 2015). Briefly, Illumina sequence reads were deconvoluted based on sample
barcodes and PCR duplicates were removed. The binned ratios were normalized according
to guanine-cytosine (GC) content of each bin andmapped to 20,000 bins averaging 125 kbp
of uniquely mapping sequence across the human genome (hg19, Genome Reference
Consortium GRCh37, UCSC Genome Browser database). Read count data was segmented
using the CBS segmentation algorithm and copy-number profiles were generated from seg-
mented bin count data and presented as ratios to the genome-wide median (Baslan et al.
2012). The hierarchical clustering was performed in R using the heatmap.2 function in the
ggplots package. Cells were clustered by Ward’s method with Manhattan distance by their
median centered data. Cutoffs for gains and losses were 1.25 and 0.75 over the median, re-
spectively (Baslan et al. 2015).

Determination of ctDNA Fraction in Plasma
The ctDNA percent was estimated by diluting the single cell amplitudes until they matched
those of the cfDNA.We first determined the dilution factor (dilution factor = (100−percent)/
percent), which in turn was used to determine the percent ctDNA (percent ctDNA= (single
cell value+dilution factor)/(dilution factor + 1)). ctDNA fractions calculated with this method
were comparable to those derived by ichorCNA (Adalsteinsson et al. 2017).

ESR1 and PIK3CA Single-Cell SNV Analysis
Amplicons of single cells as well as extracted DNA from plasma and FFPE tissue blocks
were tested for point mutations in the ligand-binding domain of ESR1. We used a single
primer set (Fwd: TACAGTAACAAAGGCATGGAGCA, Rev: CGATGAAGTAGAGCCCGCAG)
to amplify the region of interest and PCR products were sequenced using Sanger seq-
uencing. Additionally, a subset of cells was tested for PIK3CA mutations (Fwd: CCAGAG
GGGAAAAATATGACA, Rev: AGCACTTACCTGTGACTCCA). Data was analyzed using
QSVanalyzer (University of Leeds) (Carr et al. 2009) and KNIME (Michael et al. 2008). Cells
with a raw intensity ratio of >80 were called wild-type and those with a raw intensity ratio
<20 were called mutant. The remaining cells were excluded from the analysis.

SNV Analysis of cfDNA
cfDNA of 13 blood draws was tested for multiple hotspot mutations using the Oncomine
Breast Assay v2 (A35865, Thermo Fisher Scientific) in combination with the Ion Torrent S5
(Thermo Fisher Scientific). Where available, 20 ng cfDNA was used as starting material.
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The assay examines 152 hotspots, three copy-number genes, and the full length of the TP53
gene. Data was processed with the Oncomine Breast Liquid Biopsy w1.3 workflow on Ion
Reporter. Details on total reads, mapped reads, and coverage are summarized in
Supplemental Table S1.

Whole-Exome Sequencing of FFPE Tissue
Whole-exome sequencing libraries were constructed from thewhole-genome libraries of the
three tissue biopsies with the Illumina TruSight Exome Library Preparation kit (TG-141-1001,
Illumina Inc) and each sample was sequenced on Illumina NextSeq 550 and HiSeq 2500 us-
ing paired-end 150- and 100-bp sequencing modes, respectively. Alignment on the refer-
ence genome (hg19) was made with BWA MEM (v0.7.17) (Li 2013). Aligned reads from
both runs were merged for downstream analysis. PCR duplicates were removed using
GATK (v4.1.8.1) (McKenna et al. 2010). Specific variants detected in cfDNA samples by
the Oncomine Breast Assay v2 were visualized by Integrative Genomics Viewer (IGV)
(Robinson et al. 2011). Variants were called if ≥2 more reads were altered. Details on total
reads, mapped reads, and coverage are summarized in Supplemental Table S2.

Fluorescence In Situ Hybridization of CTCs
Slides were stained with DAPI, CK, and CD45 antibody cocktails, scanned and imaged as
described above. Once CTC candidates were identified, slides were washed in 2× SSC buff-
er and gradually dehydrated in ethanol. The hybridization solution with a probe against the
centromeric region of Chromosome 6 (Biocare Medical) was added onto the slides, and the
slides were sealed. Probe and cellular DNA were denatured for 3 min at 70°C. Hybridization
took place overnight at 37°C in a humidity chamber for 16–24 h. Slides were then washed in
0.4× SSC-0.1% Tween for 10 min at 40°C and 2× SSC for 5 min at room temperature, cov-
ered with antifade mounting medium, and imaged using fluorescence microscopy.

ADDITIONAL INFORMATION

Data Deposition and Access
All data discussed in this manuscript are either included in the main manuscript text or in its
Supplementary Information Files. Some of the data can be accessed through our website
http://pivot.usc.edu/. The sequencing data of the single cells, cfDNA, and FFPE is available
through the BloodPAC Data Commons Accession ID “BPDC000117”; URL: https://data
.bloodpac.org/dashboard/Public/open-links/BPDC000117/index.html.
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publication.
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