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Abstract

Background: Circulating cell-free tumor DNA (ctDNA) provides a non-invasive approach for assessing somatic alterations. The Ger-
man PRAEGNANT registry study aims to explore molecular biomarkers and investigate their integration into clinical practice. In this
context, ctDNA testing was included to understand the motivations of clinicians to initiate testing, to identify somatic alterations,
and to assess the clinical impact of the results obtained.

Methods: Patients with advanced/metastatic breast cancer were prospectively enrolled in the Prospective Academic Translational
Research Network for the Optimization of Oncological Health Care Quality in the Adjuvant and Advanced/Metastatic Setting (PRAEG-
NANT study; NCT02338167). The FDA-approved and CE-marked GUARDANT360 CDx test was used to assess somatic alterations. A
ctDNA-analysis report was provided to the treating physician along with a questionnaire about the intent for testing and the clinical
implications of test results.

Results: ctDNA from 49 patients was analyzed prospectively: 37 (76%) had at least one somatic alteration in the analyzed geneset;
14 patients (29%) harbored alterations in TP53, 12 (24%) in PIK3CA, and 6 (12%) in ESR1. Somatic mutations in BRCA1 or BRCA2 were
detected in 3 (6%) and 4 (8%) patients, respectively, and 59% of patients had hormone receptor-positive, human epidermal growth
factor receptor 2-negative breast cancer. Questionnaires regarding test intentions and clinical impact were completed for 48 (98%)
patients. These showed that ctDNA testing influenced treatment decisions for 35% of patients.

Discussion: The high prevalence of somatic alterations in TP53, PIK3CA, ESR1, and BRCA1/2 genes, identified by ctDNA genotyping,
highlights their potential as biomarkers for targeted therapies. Detection of specific mutations affected treatment decisions, such as
eligibility for alpelisib, and might further facilitate treatment with e.g. elacestrant or capiversatib in future treatment lines.

Keywords: ctDNA; cfDNA, cell-free DNA; breast cancer; genetic testing;
Clinical trial registration No.: NCT02338167

Introduction

Genomic profiling of breast cancer
Genetic alterations are a key feature to determine the best

lished as a companion diagnostic for the poly ADP ribose poly-
merase inhibitor (PARPI) olaparib [1]. Within the last couple of
years, however, somatic alterations have also become increas-

treatment approach for patients with breast cancer and other
solid tumors. Alterations in germline DNA are well described to
be associated with treatment outcome and, for example, anal-
ysis of germline BRCAI or BRCA2 mutations has been estab-

ingly important for precision medicine. Specifically, for patients
with hormone receptor-positive (HR+) breast cancer subtypes
the treatment landscape based on tumor mutation profiles has
significantly evolved. HR+ tumors are known to undergo sig-
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nificant genomic profile changes from the primary tumor herd
through metastatic progression [2], and somatic alterations are
commonly acquired during endocrine therapy and contribute
to treatment resistance [3]. Common alterations involve muta-
tions in the estrogen receptor 1 (ESR1) region [4], mutations in the
mitogen-activated protein (MAP) kinase pathway, and alterations
in various transcription factors [5], such as ARIDIA [6]. Recent
approvals for somatic alterations as companion diagnostics un-
derscore the importance of testing. Food and Drug Administra-
tion (FDA) approvals include alpelisib for postmenopausal women
and men with HR+, human epidermal growth factor receptor 2-
negative (HER2-) advanced or metastatic, PIK3CA-mutated breast
cancer, elacestrant for postmenopausal women or adult men with
estrogen receptor positive (ER+), HER2-, advanced or metastatic,
ESRI-mutated breast cancer, and capivasertib for patients with
HR+, HER2-, locally advanced or metastatic breast cancer harbor-
ing one or more PIK3CA, AKT1, or PTEN alterations [7-9]. Compan-
ion diagnostic tests such as the therascreen PIK3CA RGQ PCR Kit
for PIK3CA mutation analysis and the Guardant360 CDx assay for
ESR1 testing in plasma samples have also received FDA approval
in this context.

Somatic DNA alterations can be assessed either by analysis of
the tumor material itself [e.g. formalin-fixed paraffin-embedded
samples (FFPE)] taken by an invasive biopsy or during surgery
or by analysis of circulating tumor DNA (ctDNA) in the plasma
of cancer patients, obtained through a peripheral blood draw
[10-12]. In contrast to samples taken by biopsy or surgery, the
analysis of ctDNA is minimally invasive and allows for continuous
monitoring, evaluation of spatial and temporal heterogeneity, and
representation of even minimal tumor burden. The importance of
analyzing and monitoring ctDNA was demonstrated within the
PAlbociclib and Circulating Tumor DNA for ESR1 Mutation De-
tection (PADA-1) trial. The PADA-1 study, involving 1017 women
with advanced HR+ and HER2- breast cancer showed that switch-
ing to fulvestrant upon mutation detection doubled the duration
of progression-free survival (PFS) compared to standard therapy
[8]. In addition, several ongoing and completed trials are explor-
ing the use of somatic alterations to guide treatment decisions.
The plasmaMATCH trial, focusing on ctDNA analysis in advanced
breast cancer, and the COGNITION-Guide and the CATCH trials in
Germany, utilizing whole-genome/exome and transcriptome se-
quencing, aim to tailor therapies based on individual genetic pro-
files [13, 14]. The SOLAR-1 trial, the INAVO120 trial as well as the
EMERALD and PADA trials are outstanding examples of the po-
tential of ctDNA testing for patient and therapy selection [7, 8,
15]. Further phase 1III studies are currently ongoing focusing on
e.g. selective estrogen receptor degraders and their combination
with CDK4/6 inhibitors or other endocrine therapeutic drugs [16].

Feasibility of ctDNA testing in Germany

Given the evolving therapeutic landscape, characterized by the
introduction of elacestrant, alpelisib, and capivasertib, and the
upcoming inavolisib, molecular companion diagnostics will be-
come an integral part of treatment decision-making. The cur-
rent status of mutation testing, specifically in ctDNA, within Ger-
many and other EU countries, however, is still not yet completely
established. With the approval of elacestrant by the European
Commission in September 2023, the first treatment for patients
with breast cancer with a necessity for ctDNA testing became
part of routine setting. In this context, ESR1 mutation testing in
ctDNA is recommended by the European Society for Medical On-
cology (ESMO) Precision Medicine Working Group [17]. Further-

more, while there is the option of solely testing the ESR1 gene
region, there are multiple testing approaches [targeted or next-
generation sequencing (NGS)] that enable the analysis of a wider
gene panel—as recommended by the ESMO NGS recommenda-
tion 2024. Such panel testings, however, also enable the detection
of alterations in genes for non-approved treatment approaches or
treatments for other cancer entities. In this context, the conse-
quences of such genetic test results and the clinical impact for the
patients still need to be evaluated. The testing of certain biomark-
ers within the German registry study Prospective Academic Trans-
lational Research Network for the Optimization of Oncological
Health Care Quality in the Adjuvant and Advanced/Metastatic
Setting (PRAEGNANT) was shown to be a promising approach
not only to enable the provision of research-based test results
to patients but also for enrollment of patients into clinical trials
[18, 19]. In this context, the presented project aimed to provide
a validated panel-testing of ctDNA to patients enrolled in the
PRAEGNANT registry study and to evaluate the intention of test-
ingby the treating physician and the clinical impact of test results.

Materials and methods

Patients

Patients were enrolled in the prospective registry study PRAEG-
NANT (ClinicalTrials.gov identifier: NCT02338167) [20], which is
an ongoing, prospective, multicentric breast cancer registry in
hospitals and practices across Germany. The main focus of the
PRAEGNANT registry is to provide real-world data on the treat-
ment landscape [21], conduct biomarker research [22], and en-
able the return of individual research results [19]. Patients with
advanced or metastatic breast cancer are eligible for inclusion
at any time point of their disease. Patient and disease data were
collected at study entry and follow-up visits. All patients pro-
vided informed consent at enrollment. The study was approved
by the respective German ethics committees (ethical approval
number: 234/2014BO1, first approval on 17 June 2014, approval
of Amendment 1 on 11 June 2015, approval of Amendment 2 on
18 March 2019; Ethics Committee of the Medical Faculty, Univer-
sity of Tubingen, Tibingen, Germany). A subproject (PRAEGNANT
360°) of the PRAEGNANT study was conducted between Febru-
ary 2022 and August 2023 at four different study sites within Ger-
many. The PRAEGNANT 360° subproject included ctDNA testing
for any patient enrolled in the main study based on physician’s
choice. No other inclusion or exclusion criteria were defined for
the subproject.

ctDNA testing

Whole blood samples were collected using Streck cell-free DNA
(cfDNA) BCT tubes at the respective study site and sent to the
PRAEGNANT central biobank unit. Shipment to the PRAEGNANT
central biobank unit was obligatory due to study protocol re-
quirements. In routine care, however, samples can be shipped
directly at room temperature from the point of blood collection to
Guardant Health’s laboratory. The PRAEGNANT laboratory initi-
ated the shipment of the Streck tubes, kept at room temperature,
to the GUARDANT Health central laboratory in Redwood City,
CA, USA, for cfDNA extraction and analysis of ctDNA. Guardant
Health has a proprietary tagging system that allows barcoding of
the ctDNA fragments out of the total cfDNA, increasing the se-
quence efficiency by 2-3 times compared with other technologies.
NGS analysis was performed at the GUARDANT Health central
laboratory. The FDA-approved and Council of the European
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Union (CE)-marked GUARDANT360 CDx test, a 74-gene panel
including all guideline-recommended biomarkers, including
single nucleotide variants (SNVs), indels, fusions, amplifications,
and microsatellite instability, was employed. Blood samples were
analyzed and a GUARDANT360 CDx report was generated and
published through the secure GUARDANT Health portal.

ctDNA analysis often results in secondary germline findings.
According to established standards, mutation calls with variant
allele frequencies (VAF) of 40%-60% (heterozygous) or 95%-100%
(homozygous) are likely single nucleotide polymorphisms present
in germline DNA [23, 24]. Within the study collective, only one al-
teration was observed with a VAF between 60% and 95% (SMAD4
D351N, VAF: 66%). This specific alteration is likely of germline ori-
gin, according to ClinVar documentation. Therefore, we applied
a cut-off of <40% VAF to define somatic alterations. In order to
define patients with ctDNA-positive disease a cutoff of >0.4% VAF
was set in accordance with recent publications [25, 26]. This cutoff
was used solely to determine the number of patients with ctDNA
positivity.

Return of research results

The GUARDANT360 CDx report was merged with the original
PRAEGNANT patient ID at the central biobank unit, printed, and
returned to the relevant study site and respective treating physi-
cian. Each report was accompanied by (i) a questionnaire and (ii)
a letter to the treating physician. The letter stated that, due to the
pseudonymization of patient and biomaterial data, the correct as-
signment of test results could not be guaranteed and that valida-
tion of test results within the clinical routine is recommended.

Questionnaire

Each treating physician who received the GUARDANT360 CDx
report was asked to complete a questionnaire about the in-
tention of testing and the clinical impact of test results. The
questionnaire included 11 questions in the German language,
referring to the reason for testing and whether the results influ-
enced any treatment decisions taken. All questions were either
single-choice questions or open questions for free-text answers.
Completed questionnaires were returned to the central biobank
unit of the PRAEGNANT registry study for analysis.

Statistical considerations

Results are presented in numbers and percentages. Data were an-
alyzed using IBM SPSS statistics Version 24. Graphs were created
using GraphPad Prism Version 9.5.1 and Microsoft Excel Version
2108.

Results

Test initiation

A total of 53 tests for 52 patients were initiated by physicians and
shipped to the PRAEGNANT central biobank. The median ship-
ment time from blood draw to arrival at the GUARDANT Health
central laboratory was 4 days (range: 1-18 days). Sample stabil-
ity in the GUARDANT Streck tubes has been validated for up to 7
days to ensure safe transport to the laboratory. Usually, samples
from Europe arrive at the lab in 24-72 hours. Of those 53 samples,
3 were not eligible for testing due to prolonged shipment time (>7
days, n = 2) to the GUARDANT Health central laboratory or due to
being from a returning patient (n = 1). One patient was excluded
from the final analysis due to inclusion failure (Fig. 1). All sam-
ples (n = 49, 100%) that were received by the GUARDANT Health

central laboratory within 7 days after blood draw were success-
fully sequenced. Thus, ctDNA from 49 patients was tested and in-
cluded in the analysis. The mean age of patients included in the
study was 48.4 years at primary diagnosis and 55.5 years at time
of ctDNA testing (Table 1). Most patients included were HR+ and
HER2- (n = 29, 59%, Table 1). In all, 18 patients (51%) of the full
study group were in the 1st line of therapy at time of test initia-
tion and 12 (48%) belonged to the HR+/HER2- cohort (Table 1); 6
(17%) patients had an HER2-amplified and 5 (14%) patients a triple
negative tumor.

Frequencies of genetic alterations

In total, 39 (80%) patients harbored at least one alteration in one of
the analyzed genes and 33 (67%) in more than one gene. Of those
alterations, 9 were detected with a variant allele fraction >40%
and thus were marked as potentially germline mutations and ex-
cluded from the subsequent somatic mutation analysis. Based on
this cut-off, 37 (76%) patients harbored at least one somatic alter-
ation and 32 (65%) in more than one gene (Fig. 2). ctDNA positivity
based on a cutoff of VAF > 0.4% was detected for 31 (63%) pa-
tients. The most common genes affected were TP53 (n = 14, 29%),
PIK3CA (n = 12, 24%), FGFR1 (n = 10, 20%), and ATM (n = 8, 16%)
(Fig. 2). Somatic mutations in BRCA1 or BRCA2 were detected for
3 (6%) and 4 (8%) patients, respectively. One BRCA2 mutation was
categorized as synonymous and one BRCA2 and three BRCA1 al-
terations as variants of uncertain significance. For 6 patients (12%)
an alteration in ESR1 was detected (Fig. 2).

In the subgroup of HR+/HER?2- patients, 8 (28%) patients had an
alteration in TP53, 8 (28%) in PIK3CA, 6 (21%) in FGFR1, and 6 (21%)
in ATM (Fig. 2). Alterations in BRCA1 and BRCA2 were detected for
3 (10%) and 1 (3%) cases, respectively. All 6 patients with an ESR1
alteration of the full cohort had HR+ and HER2- breast cancer,
representing 21% of the HR+/HER2- subgroup (Fig. 2).

Somatic alterations (<40% VAF) were further analyzed in re-
gards to the mean VAF per gene. The highest mean VAF was de-
tected for alterations in MAP2K2 (mean 22.70%, n = 1), ARID1A
(mean 14.18%, range 1.85%-26.50%) and BRCA2 (mean 8.76%,
range 0.20%-33.80%, Fig. 3A). Alterations in BRCA1 had a mean
VAF of 0.23% (range 0.10%-0.30%) and those in ESR1 of 1.75%
(range 0.05%-12.81%, Fig. 3A). In all, 11 (22%) patients had alter-
ations (deletion/mutation or amplification) in more than one out
of the four most frequent affected genes (TP53, PIK3CA, FGFR1, and
ATM,; Fig. 3B). The most common somatic mutations in PIK3CA
were ES45K, E726K, E542K, and H1047R (n = 2, each) and in ESR1
D538G (n = 4; Fig. 3C).

Detected druggable mutations

The GUARDANT360 CDx report provides treatment suggestions
[for European Medicines Agency (EMA) approved therapies] based
on the detected alterations. Those treatment suggestions can ei-
ther be approved for the cancer of interest (here, breast cancer)
or for other indications. In addition, alterations associated with
a lack of response (indicating resistance mechanisms) to certain
treatment options are reported as well. Druggable somatic mu-
tations approved for breast cancer were detected for 8 (16%), for
other indications for 13 (27%) and lack of response for 7 (14%) pa-
tients (Table 2). The molecular consequences of those alterations
were either a missense, nonsense, or frameshift or inframe inser-
tions/deletions or splice variants, and thus affect protein struc-
ture (Table 2). Treatment options approved for other indications
were identified based on alterations in the following genes: ATM,
ERBB2, PIK3CA, BRCA2, RET, NF1, EGFR, and MET. These alterations
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53 GUARDANT360 CDx tests were initiated between February 2022 and August 2023

3 samples were not tested due to

LS O  Samples were received by Guardant greater than 7 days
from the time of collection (2)

O  Sample was collected from a returning patient (1)

1 sample was not included in the final analysis due to

O  Sample was from an inclusion failure (1)

Y

49 patients received GUARDANT360 CDx testing and were included in the analysis

|

For 48 physician questionnaires regarding testing intent and clinical impact of results were

returned
Figure 1. Patient flow chart.
Table 1. Patient characteristics.
Characteristic All patients (n = 49) HR+, HER2- (n = 29)
Age at primary diagnosis (years) Mean (SD) 48.4 (10.5) 51.1 (10.7)
Missing, n 7 1
Age at time of ctDNA test (years) Mean (SD) 55.5(12.1) 57.8 (10.8)
Missing, n 2 1
Body mass index (kg/m?) Mean (SD) 26.3 (4.3) 27.2 (3.6)
Missing, n 26 13
Clinical tumor subtype TNBC?, n (%) 5 (14) 0(0)
Luminal A-like, n (%) 14 (40) 14 (58)
Luminal B-like, n (%) 10 (29) 10 (42)
HER2-positive, n (%) 6 (17) 0 (0)
Missing, n 14 5
Grading 1,1 (%) 2 (60) 2 (8)
2,1 (%) 18 (50) 12 (50)
3,1 (%) 16 (44) 10 (42)
Missing, n 13 0 (0)
Metastatic site Brain, n (%) 5(13) 2(7)
Visceral, n (%) 22 (55) 17 (61)
Bone, n (%) 6 (15) 4 (14)
Other, n (%) 7 (18) 5 (18)
Missing, n 9 1
Therapy situation at time of ctDNA test 1stline, n (%) 18 (51%) 12 (48%)
2nd line, n (%) 7 (20%) 5 (20%)
3rd line and higher, n (%) 10 (29%) 8 (32%)
Missing, n 14 4

2TNBC, triple negative breast cancer.
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Figure 2. Frequencies and distributions of alterations in ctDNA. Heatmap of alterations detected in ctDNA of analyzed patients (n = 49). Number of
alterations detected are marked by color coding. Patients are grouped by HR and HER2 expression and tumor grading. Frequencies of affected genes
are presented for the full cohort (green, n = 49) and the HR+/HER2- cohort (blue, n = 29).

led to the suggestion of various off-label or clinical trial treat-
ments, including olaparib, trastuzumab deruxtecan, alpelisib, ru-
caparib, talazoparib, pralsetinib, selpercatinib, selumetinib, afa-
tinib, dacomitinib, erlotinib, gefitinib, osimertinib, and tepotinib
(Table 2). Lack of treatment response was reported for alterations
detected in the ESRI, FGFR2, and RET gene loci. Lack of response
based on an ESRI mutation was indicated for anastrozole, ex-
emestane, and letrozole (Table 2).

Intention of testing and clinical impact

Questionnaires regarding the intention of testing and clinical
impact were completed by the treating physicians for 48 patients
(98%). Based on the answers given, 29% of patients (n = 14) had
an indication for PARPI treatment at the time of test initiation
in the case of a detected BRCA1 or 2 mutation and 19% (n = 9)
for alpelisib in the case of a PISKCA mutation (Table 3); 56%
(n = 27) and 54% (n = 26) had an indication for treatment with
a PARPi or alpelisib at the time of the next change of therapy in
the case of a detected BRCA1/2 or PISKCA alteration (Table 3).

For 3 patients (6%) neither an indication for PARPi or alpelisib
therapy was reported. For 2 of those, the treating physician
responded that an indication for another genomic alteration
was present from the time of the next change of therapy
(Table 3).

Overall, ctDNA testing influenced current or future treatment
decisions for 35% of patients (n = 17) (Table 4). Of those, a treat-
ment decision towards PARPi therapy was made for 12% (n = 2),
towards PI3K inhibitor therapy for 41% (n = 7) and other thera-
peutic decisions for 74% of the patients, with the possibility of se-
lecting multiple options accounting for the total exceeding 100%
(Table 4). Treating physicians responded that patients had a bene-
fit from GUARDANT360 CDx testing for 59% (n = 27) of the patients
successfully tested. For most of patients (n = 34, 74%), the re-
sults from GUARDANT360 CDx testing were not validated on tu-
mor tissue—even though validation was recommended in the ac-
companying result letter, due to the pseudonymization of data
(Table 4). This remained the case at least until the completion
of the questionnaire. Of those validated on FFPE tissue, the ma-
jority of responders indicated that the mutations identified by
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marked by the approval indication. The hash (#) indicates alterations with a VAF < 40% that were marked as suspicious for germline mutation in the

GUARDANT Health report.

GUARDANT360 CDx testing were not detected in the FFPE tumor
material (n =7, 70%) (Table 4).

Discussion

In summary, the PRAEGNANT 360° subproject revealed a ctDNA
detection rate of 76% and a ctDNA-positivity (based on VAF > 0.4%
criterium) of 63%, with the most frequent alterations in TP53,
PIK3CA, FGFR1, and ATM. The incidence was in line with re-
sults from similar trials. In a real-world cohort of patients with
HR+/HER2- metastatic breast cancer, ctDNA was detected in 65%
of cases [27]. A recent study evaluated ctDNA alterations in a co-
hort of metastatic patients with ER+/HER- disease. Of those, 96%

had detectable ctDNA of which 69% had a ctDNA-positive disease
defined by VAF > 0.4% [28]. ctDNA detection rates vary based on
sequencing methods used and the number of targets defined.
A study analyzing ctDNA from 233 patients with metastatic
breast cancer using target-capture deep sequencing with the
focus on 1021 frequently mutated genes, found ctDNA alteration
(VAF > 1%) in 85% of cases [29]. Consistent with our results,
TP53 alterations were the most common, occurring in 36% of
cases [29]. Additionally, the prevalence of PIK3CA mutations (26%)
and BRCA1/2 mutations (10%) aligned closely with our findings
(24% and 14% within the PRAEGNANT full cohort) [29]. However,
the incidence of ESR1 alterations was meaningfully lower (6%)
compared to our PRAEGNANT full cohort (12%) [29]. While the

Gz0Z Jaquieoa( 0 uo 1sanb Aq L££ze6./FE09eqd/| /g/e1onie/wod/woo dno olwapeose//:sdiy woll papeojumod



6 | Huebner etal

Table 2. Druggable mutations.

Molecular

Patient Gene Alteration?® consequence VAF (%) Treatment® Indication®
2 PIK3CA H1047R Missense 2.13 Alpelisib + fulvestrant Breast cancer
18 PIK3CA E545K Missense 0.4 Alpelisib Breast cancer
27 PIK3CA ES545K Missense 4.0 Alpelisib Breast cancer
28 PIK3CA E542K Missense 0.06 Alpelisib Breast cancer
30 PIK3CA H1047R Missense 12.0 Alpelisib Breast cancer
36 PIK3CA E545K Missense 2.1 Alpelisib Breast cancer
37 PIK3CA H1047R Missense 1.8 Alpelisib Breast cancer
46 PIK3CA E545K Missense 16.7 Alpelisib Breast cancer
46 PIK3CA E542K Missense 0.7 Alpelisib Breast cancer
1 ATM G956fs Frameshift 0.23 Olaparib Other indication

ERBB2 V777L Missense 2.7 Trastuzumab deruxtecan Other indication
7 PIK3CA K111_I112delinsT Inframe inser- 26.3 Alpelisib Other indication

tion/deletion
19 ERBB2 A775_G776insYVMA Inframe insertion 0.2 Trastuzumab, trastuzumab Other indication
deruxtecan
19 ATM R805x Nonsense 4.6 Olaparib Other indication
23 ATM G2897fs Frameshift 32.52 Olaparib Other indication
28 PIK3CA E726K Missense 0.1 Alpelisib Other indication
31 RET V804M Missense 2.1 Pralsetinib, selpercatinib Other indication
37 NF1 Splice site SNV Splice site variant 0.4 Selumetinib Other indication
40 BRCA2 Splice site SNV Splice site variant 33.8 Olaparib, rucaparib, talazoparib Other indication
41 EGFR T725M Missense 0.2 Afatinib, dacomitinib, erlotinib, Other indication
gefitinib, osimertinib

46 MET Exon 14 skipping SNV Splice site variant 0.02 Tepotinib Other indication
47 PIK3CA E726K Missense 16.0 Alpelisib Other indication
48 ATM E2039K Missense 0.2 Olaparib Other indication
1 ESR1 Y537S Missense 2.53 Anastrozole, exemestane, letrozole Lack of response
4 ESR1 Y537N Missense 12.81 Anastrozole, exemestane, letrozole Lack of response
4 ESR1 E380Q Missense 0.25 Anastrozole, exemestane, letrozole Lack of response
4 ESR1 D538G Missense 0.05 Anastrozole, exemestane, letrozole Lack of response
7 ESR1 E380Q Missense 0.07 Anastrozole, exemestane, letrozole Lack of response
7 ESR1 Y537N Missense 0.08 Anastrozole, exemestane, letrozole Lack of response
7 ESR1 Y537S Missense 0.1 Anastrozole, exemestane, letrozole Lack of response
7 ESR1 D538G Missense 0.8 Anastrozole, exemestane, letrozole Lack of response
7 FGFR2 N549K Missense 0.7 Infigratinib Lack of response
27 ESR1 D538G Missense 0.7 Anastrozole, exemestane, letrozole Lack of response
30 ESR1 E380Q Missense 5.1 Anastrozole, exemestane, letrozole Lack of response
30 FGFR2 N549K Missense 0.09 Infigratinib Lack of response
31 RET V804M Missense 2.1 Cabozantinib, vandetanib Lack of response
44 ESR1 D538G Missense 0.2 Anastrozole, exemestane, letrozole Lack of response
44 ESR1 L536H Missense 0.2 Anastrozole, exemestane, letrozole Lack of response
44 ESR1 Y537N Missense 0.3 Anastrozole, exemestane, letrozole Lack of response

@0nly alterations with a VAF < 40% are presented.
b As suggested by GUARDANT CDx report.
CFor breast cancer treatment approved in case of a proven germline mutation.

PRAEGNANT cohort was solely selected based on physician’s dis-
cretion, the patients tested by Liu et al. [29] had triple negative or
HR+/HER2+ metastatic breast cancer and, thus, had not received
endocrine treatment. Endocrine therapy is known to promote
clonal expansion of ESR1 mutant tumor cells, leading to endocrine
resistance [30]. Over 59% of the PRAEGNANT cohort comprised
patients with HR+/HER2- cancer, likely all having undergone
some form of endocrine treatment; 21% of patients in this sub-
group tested positive for actionable ESRI1 mutations. A pooled
analysis of multiple trials assessing ESR1 mutations in hormone-
sensitive breast cancer revealed an overall incidence of 23% (95%
confidence interval 18%-28%), consistent with our findings [31].
Differences in incidences are mainly due to varying study popu-
lations, pre-treatments, and other selection criteria. Clinical trials
including patients who have received prior aromatase inhibitor
treatment showed ESR1 mutation frequencies ranging from 26%

to44% [8,32-34, 31, 35, 36]. Within our setting, elacestrant or other
treatment options for ESR1 mutated cancer cases were not yet ap-
proved in Germany. Thus, patients chosen for GUARDANT360 CDx
testing were not selected due to ESR1 testing options, probably
resulting in a slightly different subpopulation cohort compared
to other current trials focusing on endocrine resistance.

Genetic testing of ctDNA will become increasingly important
for treatment decisions within routine cancer care. Findings from
various studies show the impact of ctDNA analysis for tailoring
targeted treatments. Current treatment options include elaces-
trant for ESR1 mutated tumors, alpelisib for PIK3CA mutations,
and PARPI for germline BRCA1/2 alterations [8, 37, 38]. Additional
genetic locations of interest are under investigation. For exam-
ple, capivasertib demonstrated clinically meaningful activity in
patients with an PIK3CA, PTEN, or AKT mutated metastatic breast
cancer [9, 39]. A large study including 1462 patients with HER2-
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Table 3. Indication before initiation of ctDNA testing.

Question

Did the patient have an indication for a PARP inhibitor if a BRCA1/2
mutation had been detected during testing?

Did the patient have an indication for therapy with alpelisib if a PI3KCA
mutation had been detected during testing?

If both questions were answered in the negative, did the patient have an
indication for another genomic alteration-based indication for targeted
therapy? 2P

Answer n (%)
Yes, at present 14 (29.2%)
Yes, from the next change of therapy 27 (56.2%)
No 7 (14.6%)
Total 48 (100.0%)
Yes, at present 9 (18.7%)
Yes, from the next change of therapy 26 (54.2%)
No 13 (27.1%)
Total 48 (100.0%)
Yes, at present 0 (0.0%)
Yes, from the next change of therapy 2 (66.7%)
No 1(33.3%)
Total 3 (100.0%)

@Group: Did the patient have an indication for a PARP inhibitor in the case of a BRCA1/2Mutation = No.
PGroup: Did the patient have an indication for therapy with alpelisib in the case of PI3KCA = No.

negative metastatic breast cancer, showed that targeted thera-
pies matched to genomic alterations can improve PFS [40]. Besides
genetic testing in advanced or metastatic breast cancer cases,
ctDNA testing also shows promise as a tool for monitoring early
breast cancer. Persistence of ctDNA during neoadjuvant therapy
has been associated with poor treatment response, while muta-
tion tracking via ctDNA has enabled the identification of patients
at high risk of relapse. Additionally, ctDNA clearance has been cor-
related with improved survival outcomes. This highlights the po-
tential relevance of ctDNA testing in routine clinical practice, not
only for advanced but also for early breast cancer treatment ap-
proaches [41-43].

In Germany and many other countries, the testing for muta-
tions in genes like ESR1 will likely be primarily conducted by the
responsible pathologist using single-gene testing methods (e.g.
PCR-based). This approach is driven by financial considerations
and the requirements of insurance reimbursement. While testing
one individual gene region of interest is probably the most cost-
effective compared to panel- or whole genome sequencing, it has
to be taken into account that patients might benefit from the de-
tection of alterations which are not yet approved as a companion
diagnostic. ESMO recommendations for the use of liquid biopsy in-
clude the testing for ESR1, PIK3CA, BRCA1/2, MSI-H, ERBB2 amplifi-
cation, and NTRK 1/2/3 fusion. ESR1 mutations are recommended
to be tested in ctDNA, while ERBB2 amplification and NTRK fu-
sion should only be tested when an advanced tissue biopsy is
not available [17]. Within the PRAEGNANT cohort, we could de-
tect somatic alterations that were not approved for breast cancer
but for other indications for 27% of the analyzed cases. These af-
fected genes were ATM, ERBB2, PIK3CA, BRCA2, RET, NF1, EGFR, and
MET. In Germany, the CATCH trial—a prospective precision oncol-
ogy program that guides treatment decision by performing whole
genome and RNA sequencing—is currently evaluating the impact
of whole genome sequencing on treatment outcome. Within the
first 200 patients enrolled, 53 were evaluable and of those 40%
achieved a stable disease and 30% an improvement in PFS [44].
However, it is still under discussion whether sequencing of the tu-
mor tissue or ctDNA results in an actual survival benefit. A recent
retrospective observational study evaluated the usefulness and
real-world outcomes of NGS testing in patients with cancer [45].
It was shown that sequencing did not result in a PFS benefit for pa-

tients with a rapidly progressing cancer, short expected lifetime,
or no standard therapeutic options [45]. Similarly, the BRE12-158
phase II trial focusing on patients with triple negative breast can-
cer and residual disease after neoadjuvant chemotherapy showed
that genomically directed therapy was not superior to treatment
of physician choice after neoadjuvant chemotherapy [46]. Both
disease-free and overall-survival were assessed. However, enroll-
ment of patients was between 2014 and 2018. Since then, targeted
therapy options have increased in number and thus current pa-
tients might have a different outcome. Targeted panel sequencing
might be a good option to enable a broader analysis of somatic al-
terations while not spending too much money on whole genome
sequencing without a clear benefit.

Within the PRAEGNANT 360° subproject, for 2 cases (4%)
physicians made a treatment decision towards a PARPi therapy,
for 7 (14%) towards a PI3K inhibitor therapy, and an additional 9
patients (18%) received a different, unspecified therapy due to the
provided panel testing. This subproject provides insight into the
real-world potential of ctDNA panel testing. It underscores the im-
pact of such results for clinical guidance and treatment decision
making Interestingly, out of 10 cases for which the ctDNA results
were validated using FFPE tumor tissue, 7 (70%) did not show the
same ctDNA alterations in FFPE tumor material. Concordance
between FFPE and ctDNA differs between cancer types [47]. How-
ever, high concordance was reported for breast cancer ctDNA and
FFPE probes [14, 48]. A study focusing on ESR1 mutations in FFPE
DNA and ctDNA showed a concordance rate of 91% [49]. Within
our study, only 26% of the ctDNA results obtained were validated
on tumor tissue. Thus, the 70% discordance represents only a
small percentage of the total alterations. In addition, no informa-
tion on the timing of FFPE tumor material and blood collection
is available. Treatment changes might have occurred in between,
resulting in new occurrence of genetic alterations like ESR1 muta-
tions. In addition, the decision to validate certain results might be
biased by e.g. low VAFs, unexpected alterations, or other unspec-
ified factors. For future studies it would be of interest to further
evaluate the clinical consequences taken if a validation was not
successful. The lack of direct comparison of somatic alterations
detected in ctDNA versus those in tumor biopsies is a limitation
of our study. The discordance between FFPE and ctDNA testing
was based on the physician’s response to a questionnaire. Thus,
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Table 4. Actions taken after ctDNA testing.

Question Answer n (%)
Did the results of Guardant testing influence current or future Yes 17 (35.4%)
treatment decisions?
No 31 (64.6%)
Total 48 (100.0%)
If yes, what treatment decision did you make based on the testing?? PARP inhibitor therapy 2 (11.8%)
PI3K inhibitor therapy 7 (41.2%)
Other therapeutic decision 9 (52.9%)
Total 18 (105.9%*)
Do you think the patient had a benefit from the results from the Yes 27 (58.7%)
Guardant testing?
No 19 (41.3%)
Total 46 (100.0%)
Missing 2

Have the results from the Guardant testing been validated on tumor
tissue?

If only selected mutations were validated, which were they?®

If the results were validated on the tumor tissue, which material was
used for validation?¢

If the results were validated on the FFPE tumor, have the identified
mutations also been detected in the validaton process?¢

Yes, all of them 0 (0.0%)

Yes, but not all of them
No, none of them

12 (26.1%)
34 (73.9%)

Total 46 (100.0%)
Missing 2
PIK3CA 7 (58.33%)

BRCAness-HRD/HRD 2 (16.67%)

HRAS 1(8.33%)
BRCA1 1(8.33%)
FGFR2 1(8.33%)

Other 2 (16.67%)

Total 14 (116.65%°)
Missing 2

Primary tumor (FFPE) 1(9.1%)

Metastasis (FFPE) 10 (90.9%)

cfDNA/blood 0 (0.0%)
Total 11 (100.0%)
Missing 1
Yes, all of them 3 (30.0%)
No 7 (70.0%)
Total 10 (100.0%)
Missing 1

aGroup: Did the results of the Guardant test influence current or future treatment decisions? = Yes.
>Group: Have the results from the Guardant testing been validated on the tumor = Yes, but not all of them.
¢Group: Have the results from the Guardant testing been validated on the tumor = Yes.

4Group: Which material was used for validation = FFPE (primary tumor or metastasis).

¢The question was a multiple-choice question, therefore the percentage is >100%.

no data on the type of surgery, the site of surgery, or the timing
of sample collection is available. The project was designed solely
based on ctDNA analysis due to not all patients having a tumor
biopsy available at the time of testing and blood-based analysis
being less invasive and thus more convenient. However, as previ-
ous analysis within the plasmaMATCH trial, a multicentre, mul-
ticohort, phase 2a, platform trial, demonstrated high agreement
between ctDNA digital PCR and targeted sequencing (GUARDANT
test) of 96%-99%, and a sensitivity of 93% overall and 98% with
contemporaneous biopsies, validation of ctDNA test results is no
longer needed [10, 14]. The sensitivity of targeted sequencing was
shown to be at a high level of 90.9% [10] and respective tests are
currently FDA- and CE-approved as companion diagnostics, which
underlines their importance for clinical decision-making. Other
previous studies also showed similar results of high concordance
rates between contemporary tissue NGS sequencing analysis
and Guardant360 Cdx results, which was mandatory for FDA
approval [26].

The discrepancy between FFPE and ctDNA test results re-
ported by the treating physicians within this subproject of the
PRAEGNANT study could be attributed to several factors: tumor
heterogeneity, timing of sample collection, selection bias in vali-
dation, and technical sensitivity differences. Tumor heterogeneity
and sample timing may explain discrepancies between ctDNA
and FFPE results. While FFPE tissue reflects a single tumor region,
ctDNA testing captures DNA shed from multiple tumor sites,
potentially providing a more comprehensive mutation profile [50,
51]. Additionally, ctDNA offers a “real-time” snapshot of tumor
genetics, whereas FFPE samples often represent an earlier state,
missing mutations that emerge over time [52]. Often, the primary
tumor from surgery dissection is used for testing, which is not
ideal for metastatic cancer cases. Selection bias in choosing spe-
cific ctDNA mutations for FFPE validation and differences in the
technical sensitivity of each method may further contribute to
discordance, as ctDNA tests can detect low-frequency mutations
that FFPE might miss.
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Conclusions

The study identified key genetic mutations using ctDNA testing,
serving as markers for targeted therapies. It underscores the clin-
ical impact of such test results and highlights the importance
of implementing ctDNA test strategies in the routine setting. In
light of the recent approval of elacestrant for the treatment of
ESR1-mutated tumors and the associated ctDNA companion diag-
nostic, as well as other future targeted treatment options, panel
testing for ctDNA analyses should be strongly considered for im-
plementation into clinical care in Germany. Further, the findings
support considering patients with identified genetic mutations
from routine panel testing as potential candidates for enrollment
into clinical trials where ctDNA mutations serve as inclusion cri-
teria for treatment.

Acknowledgments

Guardant Health, Inc provided test kits and performed the se-
quencing analysis. The PRAEGNANT network is supported by
grants from Pfizer, Hexal, Celgene, Daiichi-Sankyo, Roche, Merri-
mack, Eisai, AstraZeneca, and Novartis. These companies did not
have any involvement in the study design, in the collection, anal-
ysis, or interpretation of the data, in the writing of the report, or
in the decision to submit this article for publication.

Author contributions

Hanna Huebner (Formal analysis, Methodology, Visualization,
Writing — original draft, Writing — review & editing), Pauline
Wimberger (Investigation, Writing — review & editing), Elena
Laakmann (Investigation, Writing — review & editing), Eugen
Ruckhéberle (Investigation, Writing - review & editing), Matthias
Ruebner (Resources, Supervision, Writing — review & editing),
Sarah Lehle (Formal analysis, Writing — review & editing), Sabrina
Uhrig (Data curation, Writing — review & editing), Philipp Ziegler
(Data curation, Writing — review & editing), Theresa Link (Investi-
gation, Writing - review & editing), Carolin C. Hack (Investigation,
Writing - review & editing), Erik Belleville (Project administration,
Resources, Writing — review & editing), Iris Faull (Resources,
Writing — review & editing), Marcus Hausch (Resources, Writ-
ing — review & editing), Diethelm Wallwiener (Investigation,
Writing - review & editing), Andreas Schneeweiss (Investigation,
Writing - review & editing), Hans Tesch (Investigation, Writing —
review & editing), Sara Y. Brucker (Investigation, Writing — review
& editing), Matthias W. Beckmann (Investigation, Resources,
Writing — review & editing), Peter A. Fasching (Conceptualization,
Resources, Supervision, Writing — review & editing), Volkmar
Miiller (Investigation, Writing — review & editing) and Tanja N.
Fehm (Funding acquisition, Investigation, Resources, Writing —
review & editing).

Conflict of interest

PW. has received honoraria from Roche, Novartis, Amgen, As-
traZeneca, Pfizer, MSD, Clovis, Tesaro, Celgene, Teva, Eisai, Dai-
ichi Sankyo, Seagen, and Eli Lilly. E.B. has received honoraria from
Novartis, Celgene, Eisai, Daiichi Sankyo, Merrimack, AstraZeneca,
Riemser, Pfizer, Hexal, Amgen, and onkowissen.de for consulting,
clinical research management, or medical education activities.
A.S. has received honoraria from Roche, Celgene, AstraZeneca,
Novartis, Pfizer, Zuckschwerdt Verlag GmbH, Georg Thieme Verlag,
Aurikamed GmbH, MCI Deutschland GmbH, bsh medical commu-

nications GmbH, and promedicis GmbH. H.T. has received hono-
raria from Novartis, Roche, Celgene, Teva, and Pfizer, and travel
support from Roche, Celgene, and Pfizer. S.Y.B. received honoraria
from Roche, Novartis, Pfizer, MSD, Teva, and AstraZeneca. V.M. has
received speaker honoraria from Astra Zeneca, Daiichi-Sankyo,
Eisai, Pfizer, MSD, Medac, Novartis, Roche, Seagen, Onkowissen,
high5 Oncology, Lilly, Medscape, Gilead, Pierre Fabre, and iMED
Institut, consultancy honoraria from Roche, Pierre Fabre, PINK,
ClinSol, Novartis, MSD, Daiichi-Sankyo, Eisai, Lilly, Seagen, Gilead,
Stemline, institutional research support from Novartis, Roche,
Seagen, Genentech, and Astra Zeneca, and travel grants from
Astra Zeneca, Roche, Pfizer, Daiichi Sankyo, and Gilead. T.N.F.
received honoraria from Novartis, Roche, Pfizer, TEVA, Daiichi
Sankyo, AstraZeneca, MSD, Onkowisseng GmBH, and Medconcept.
H.H. received speaker honoraria from Lilly and funding from No-
vartis and Sysmex. PA.F. has received honoraria from Agendia,
AstraZeneca, ClinSol GmbH, Daiichi Sankyo, Eisai, Gilead, Lilly,
MSD, Novartis, Pfizer, Seagen, Stemline Therapeutics, TRIO Oncol-
ogy, and Veracyte for consulting, participation in advisory boards
and steering committees and/or lectures. His institution conducts
research for Novartis. T.L. received honoraria for lectures or pre-
sentations from Amgen, Roche, MSD, Novartis, Pfizer, Lilly, GSK,
Gilead, Astra Zeneca, Daiichi Sankyo, Stemline, and Seagen, ad-
visory board/advise honoraria from MSD, Roche, Pfizer, Lilly, Myr-
iad, Esai, GSK, Gilead, Daiichi Sankyo, Roche, and Astra Zeneca,
and support for attending meetings and/or travel from Pfizer, As-
tra Zeneca, Gilead, Daiichi Sankyo, and Stemline. L.F. and M.H.
are employees and stockholders at Guardant Health, Inc. E.L. re-
ports travel expenses from Pierre Fabre, honoraria for educational
events from Astra Zeneca, and Seagen, and consultancy hono-
raria from Novartis, Astra Zeneca, and Daiichi Sankyo. E.R. has
received Speaker honoraria from Astra Zeneca, Daiichi-Sankyo, Ei-
sai, Pfizer, MSD, Novartis, Roche, Seagen, Onkowissen, Lilly, Gilead,
and Pierre Fabre, consultancy honoraria from Roche, Pierre Fabre,
ClinSol, Novartis, MSD, Daiichi-Sankyo, Eisai, Lilly, Seagen, Gilead,
and Stemline, research research support from Roche, and travel
grants from Astra Zeneca, Roche, Pfizer, and Pierre Fabre.

Ethics statement

The study was conducted according to the guidelines of the Dec-
laration of Helsinki, and approved by the Ethics Committee of
the Medical Faculty, University of Tibingen, Tibingen, Germany
(ethics approval number: 234/2014BO1, first approval on 17 June
2014, approval of Amendment 1 on 11 June 2015, approval of
Amendment 2 on 18 March 2019). Informed consent was obtained
from all subjects involved in the study.

Data availability statement

The datasets generated during and/or analyzed during the current
study are not publicly available due to GDPR regulations but are
available from the corresponding author on reasonable request.

References

1. Tutt ANJ, Garber JE, Kaufman B et al. Adjuvant Olaparib for pa-
tients with BRCA1- or BRCA2-mutated breast cancer. N EnglJ Med
2021;384:2394-405. https://doi.org/10.1056/NEJM0a2105215.

2. Bertucci F, Ng CKY, Patsouris A et al. Genomic characterization
of metastatic breast cancers. Nature 2019;569:560-64. https://do
1.0rg/10.1038/541586-019-1056-z.

Gz0Z Jaquieoa( 0 uo 1sanb Aq L££ze6./FE09eqd/| /g/e1onie/wod/woo dno olwapeose//:sdiy woll papeojumod


https://doi.org/10.1056/NEJMoa2105215
https://doi.org/10.1038/s41586-019-1056-z

10

10.

11.

12.

13.

14.

15.

16.

17.

| Huebner et al.

Razavi P, Chang MT, Xu G et al. The genomic landscape
of endocrine-resistant advanced breast cancers. Cancer Cell
2018;34:427-38 e6. https://doi.org/10.1016/j.ccell.2018.08.008.
Toy W, Shen Y, Won H et al. ESR1 ligand-binding domain
mutations in hormone-resistant breast cancer. Nat Genet
2013;45:1439-45. https://doi.org/10.1038/ng.2822.

Pearson A, Proszek P, Pascual J et al. Inactivating NF1 muta-
tions are enriched in advanced breast cancer and contribute
to endocrine therapy resistance. Clin Cancer Res 2020;26:608-22.
https://doi.org/10.1158/1078-0432.CCR-18-4044.

Xu G, Chhangawala S, Cocco E et al. ARID1A determines luminal
identity and therapeutic response in estrogen-receptor-positive
breast cancer. Nat Genet 2020;52:198-207. https://doi.org/10.103
8/s41588-019-0554-0.

Andre F, Ciruelos EM, Juric D et al. Alpelisib plus fulvestrant for
PIK3CA-mutated, hormone receptor-positive, human epidermal
growth factor receptor-2-negative advanced breast cancer: final
overall survival results from SOLAR-1. Ann Oncol 2021;32:208-17.
https://doi.org/10.1016/j.annonc.2020.11.011.

Bidard FC, Kaklamani VG, Neven P et al. Elacestrant (oral selec-
tive estrogen receptor degrader) versus standard endocrine ther-
apy for estrogen receptor-positive, Human epidermal growth
factor receptor 2-negative advanced breast cancer: results
from the randomized phase III EMERALD trial. J Clin Oncol
2022;40:3246-56. https://doi.org/10.1200/JC0.22.00338.

Turner NC, Oliveira M, Howell SJ et al. C. APItello-291 Study
Group. Capivasertib in hormone receptor-positive advanced
breast cancer. N Engl ] Med 2023;388:2058-70. https://doi.org/10
.1056/NEJMo0a2214131.

Kingston B, Cutts RJ, Bye H et al. Genomic profile of ad-
vanced breast cancer in circulating tumour DNA. Nat Commun
2021;12:2423. https://doi.org/10.1038/s41467-021-22605-2.
Lehle S, Emons J, Hack CC et al. Evaluation of automated tech-
niques for extraction of circulating cell-free DNA for imple-
mentation in standardized high-throughput workflows. Sci Rep
2023;13:373. https://doi.org/10.1038/s41598-022-27216-5.
Zannini G, Facchini G, De Sio M et al. Implementation of
BRCA mutations testing in formalin-fixed paraffin-embedded
(FFPE) samples of different cancer types. Pathol Res Pract
2023;243:154336. https://doi.org/10.1016/].prp.2023.154336.
Pixberg C, Zapatka M, Hlevnjak M et al. COGNITION: a prospec-
tive precision oncology trial for patients with early breast can-
cer at high risk following neoadjuvant chemotherapy. ESMO
Open 2022;7:100637. https://doi.org/10.1016/j.esmoop.2022.1006
37.

Turner NC, Kingston B, Kilburn LS et al. Circulating tumour DNA
analysis to direct therapy in advanced breast cancer (plasma-
MATCH): a multicentre, multicohort, phase 2a, platform trial.
Lancet Oncol 2020;21:1296-308. https://doi.org/10.1016/51470-20
45(20)30444-7.

Jhaveri KLIS, Im S-A, Saura C et al. Inavolisib or placebo in combi-
nation with palbociclib and fulvestrant in patients with PIK3CA-
mutated, hormone receptor-positive, HER2-negative locally ad-
vanced or metastatic breast cancer: phase III, INAVO120 primary
analysis. In Proceedings of the 2023 San Antonio Breast Cancer Sym-
posium, San Antonio, TX, USA, 2023;5-9.

Venetis K, Pepe F, Pescia C et al. ESR1 mutations in HR+/HER2-
metastatic breast cancer: enhancing the accuracy of ctDNA test-
ing. Cancer Treat Rev 2023;121:102642. https://doi.org/10.1016/j.
Ctrv.2023.102642.

Pascual J, Attard G, Bidard FC et al. ESMO recommendations on
the use of circulating tumour DNA assays for patients with can-
cer: a report from the ESMO Precision Medicine Working Group.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Ann Oncol 2022;33:750-68. https://doi.org/10.1016/j.annonc.202
2.05.520.

Huebner H, Kurbacher CM, Kuesters G et al. Heregulin (HRG)
assessment for clinical trial eligibility testing in a molecular
registry (PRAEGNANT) in Germany. BMC Cancer 2020;20:1091.
https://doi.org/10.1186/512885-020-07546-1.

Huebner H, Ruebner M, Kurbacher C et al. Return of individual
genomic research results within the PRAEGNANT multicenter
registry study. Breast Cancer Res Treat 2023;197:355-68. https://
doi.org/10.1007/s10549-022-06795-x.

Fasching PA, Brucker SY, Fehm TN et al. Biomarkers in patients
with metastatic breast cancer and the PRAEGNANT Study net-
work. Geburtshilfe Frauenheilkd 2015;75:41-50.

Engler T, Fasching PA, Luftner D et al. Implementation of
CDK4/6 inhibitors and its influence on the treatment land-
scape of advanced breast cancer patients—data from the real-
world registry PRAEGNANT. Geburtshilfe Frauenheilkd 2022;82:
1055-67.

Fasching PA, Yadav S, Hu C et al. Mutations in BRCA1/2 and
other panel genes in patients with metastatic breast cancer -
association with patient and disease characteristics and effect
on prognosis. J Clin Oncol 2021;39:1619-30. https://doi.org/10.120
0/]C0.20.01200.

Stout LA, Kassem N, Hunter C et al. Identification of germline
cancer predisposition variants during clinical ctDNA testing.
Sci Rep 2021;11:13624. https://doi.org/10.1038/s41598-021-93084
-0.

WangJF, PuX, Zhang X et al. Variants with a low allele frequency
detected in genomic DNA affect the accuracy of mutation de-
tection in cell-free DNA by next-generation sequencing. Cancer
2018;124:1061-69. https://doi.org/10.1002/cncr.31152.
Martinez-Saez O, Pascual T, Braso-Maristany F et al. Circulat-
ing tumor DNA dynamics in advanced breast cancer treated
with CDK4/6 inhibition and endocrine therapy. NPJ Breast Can-
cer 2021;7:8. https://doi.org/10.1038/s41523-021-00218-8.
Odegaard JI, Vincent JJ, Mortimer S et al. Validation of a plasma-
based comprehensive cancer genotyping assay utilizing or-
thogonal tissue- and plasma-based methodologies. Clin Cancer
Res 2018;24:3539-49. https://doi.org/10.1158/1078-0432.CCR-17
-3831.

Fuentes-Antras J, Martinez-Rodriguez A, Guevara-Hoyer K et al.
Real-world use of highly sensitive liquid biopsy monitoring
in metastatic breast cancer patients treated with endocrine
agents after exposure to aromatase inhibitors. Int J Mol Sci
2023;24:11419. https://doi.org/10.3390/ijms241411419.
Muendlein A, Geiger K, Gaenger S et al. Significant impact of
circulating tumour DNA mutations on survival in metastatic
breast cancer patients. Sci Rep 2021;11:6761. https://doi.org/10
.1038/541598-021-86238-7.

Liu B, Hu Z, Ran J et al. The circulating tumor DNA (ctDNA)
alteration level predicts therapeutic response in metastatic
breast cancer: novel prognostic indexes based on ctDNA. Breast
2022;65:116-23. https://doi.org/10.1016/j.breast.2022.07.010.
Jeselsohn R, Buchwalter G, De Angelis C et al. ESR1 mutations-a
mechanism for acquired endocrine resistance in breast cancer.
Nat Rev Clin Oncol 2015;12:573-83. https://doi.org/10.1038/nrclin
onc.2015.117.

Najim O, Papadimitriou K, Broeckx G et al. Validation of liquid
biopsy for ESR1-mutation analysis in hormone-sensitive breast
cancer: a pooled meta-analysis. Front Oncol 2023;13:1221773. ht
tps://doi.org/10.3389/fonc.2023.1221773.

Chandarlapaty S, Chen D, He W et al. Prevalence of ESR1 muta-
tions in cell-free DNA and outcomes in metastatic breast cancer:

Gz0Z Jaquieoa( 0 uo 1sanb Aq L££ze6./FE09eqd/| /g/e1onie/wod/woo dno olwapeose//:sdiy woll papeojumod


https://doi.org/10.1016/j.ccell.2018.08.008
https://doi.org/10.1038/ng.2822
https://doi.org/10.1158/1078-0432.CCR-18-4044
https://doi.org/10.1038/s41588-019-0554-0
https://doi.org/10.1016/j.annonc.2020.11.011
https://doi.org/10.1200/JCO.22.00338
https://doi.org/10.1056/NEJMoa2214131
https://doi.org/10.1038/s41467-021-22605-2
https://doi.org/10.1038/s41598-022-27216-5
https://doi.org/10.1016/j.prp.2023.154336
https://doi.org/10.1016/j.esmoop.2022.100637
https://doi.org/10.1016/S1470-2045(20)30444-7
https://doi.org/10.1016/j.ctrv.2023.102642
https://doi.org/10.1016/j.annonc.2022.05.520
https://doi.org/10.1186/s12885-020-07546-1
https://doi.org/10.1007/s10549-022-06795-x
https://doi.org/10.1200/JCO.20.01200
https://doi.org/10.1038/s41598-021-93084-0
https://doi.org/10.1002/cncr.31152
https://doi.org/10.1038/s41523-021-00218-8
https://doi.org/10.1158/1078-0432.CCR-17-3831
https://doi.org/10.3390/ijms241411419
https://doi.org/10.1038/s41598-021-86238-7
https://doi.org/10.1016/j.breast.2022.07.010
https://doi.org/10.1038/nrclinonc.2015.117
https://doi.org/10.3389/fonc.2023.1221773

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Cell-free tumor DNA analysis in advanced or metastatic breast cancer patients | 11

A secondary analysis of the BOLERO-2 clinical trial. JAMA Oncol
2016;2:1310-15. https://doi.org/10.1001/jamaoncol.2016.1279.
Goetz MP, Hamilton EP, Campone M et al. Landscape of base-
line and acquired genomic alterations in circulating tumor DNA
with abemaciclib alone or with endocrine therapy in advanced
breast cancer. Clin Cancer Res 2023;30:2233-2244. https://doi.org/
10.1158/1078-0432.CCR-22-3573.

Martin M, Zielinski C, Ruiz-Borrego M et al. Palbociclib in combi-
nation with endocrine therapy versus capecitabine in hormonal
receptor-positive, human epidermal growth factor 2-negative,
aromatase inhibitor-resistant metastatic breast cancer: a phase
Il randomised controlled trial-PEARL. Ann Oncol 2021;32:488-99.
https://doi.org/10.1016/j.annonc.2020.12.013.

O’Leary B, Hrebien S, Morden JP et al. Early circulating tumor
DNA dynamics and clonal selection with palbociclib and fulves-
trant for breast cancer. Nat Commun 2018;9:896. https://doi.org/
10.1038/s41467-018-03215-x.

Turner NC, Swift C, Kilburn L et al. ESR1 Mutations and over-
all survival on Fulvestrant versus Exemestane in advanced
hormone receptor-positive breast cancer: A combined anal-
ysis of the phase III SoFEA and EFECT trials. Clin Cancer
Res 2020;26:5172-77. https://doi.org/10.1158/1078-0432.CCR-20
-0224.

Tung NM, Robson ME, Ventz S et al. TBCRC 048: Phase II study of
Olaparib for metastatic breast cancer and mutations in homolo-
gous recombination-related genes. J Clin Oncol 2020;38:4274-82.
https://doi.org/10.1200/JC0.20.02151.

Vidula N, Damodaran S, Blouch EL et al. Phase II study of tala-
zoparib, a PARP inhibitor, in somatic BRCA1/2 mutant metastatic
breast cancer identified by cell-free DNA or tumor tissue geno-
typing. Cancer Res 2023;83:0T1-11-01-. https://doi.org/10.1158/
1538-7445.SABCS22-0T1-11-01.

Smyth LM, Tamura K, Oliveira M et al. Capivasertib, an AKT
kinase inhibitor, as monotherapy or in combination with Ful-
vestrant in patients with AKT1 (E17K)-mutant, ER-positive
metastatic breast cancer. Clin Cancer Res 2020;26:3947-57. https:
//doi.org/10.1158/1078-0432.CCR-19-3953.

Andre F, Filleron T, Kamal M et al. Genomics to select treatment
for patients with metastatic breast cancer. Nature 2022;610:343-
48. https://doi.org/10.1038/s41586-022-05068-3.
Garcia-Murillas I, Schiavon G, Weigelt B et al. Mutation tracking
in circulating tumor DNA predicts relapse in early breast cancer.
Sci Transl Med 2015;7:302ra133. https://doi.org/10.1126/scitrans
Imed.aab0021.

Magbanua MJM, Swigart LB, Wu HT et al. Circulating tumor DNA
in neoadjuvant-treated breast cancer reflects response and sur-

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

vival. Ann Oncol 2021;32:229-39. https://doi.org/10.1016/j.anno
nc.2020.11.007.

Zhou Q, Gampenrieder SP, Frantal S et al. Persistence of ctDNA
in patients with breast cancer during neoadjuvant treatment
is a significant predictor of poor tumor response. Clin Cancer
Res 2022;28:697-707. https://doi.org/10.1158/1078-0432.CCR-21
-3231.

Hlevnjak M, Schulze M, Elgaafary S et al. CATCH: A prospective
precision oncology trial in metastatic breast cancer. JCO Precis
Oncol 2021;5:676-686. https://doi.org/10.1200/P0.20.0024.
Colomer R, Miranda J, Romero-Laorden N et al. Usefulness
and real-world outcomes of next generation sequencing test-
ing in patients with cancer: an observational study on the
impact of selection based on clinical judgement. E Clinical
Medicine 2023;60:102029. https://doi.org/10.1016/j.eclinm.2023.
102029.

Schneider BP, Jiang G, Ballinger TJ et al. BRE12-158: A postneoad-
juvant, randomized phase II trial of personalized therapy ver-
sus treatment of physician’s choice for patients with residual
triple-negative breast cancer. ] Clin Oncol 2022;40:345-55. https:
//doi.org/10.1200/JC0O.21.01657.

Jahangiri L, Hurst T. Assessing the concordance of genomic al-
terations between circulating-free DNA and tumour tissue in
cancer patients. Cancers (Basel) 2019;11:1938. https://doi.org/10
.3390/cancers11121938.

Rosenberg S, Ben Cohen G, Kato S et al. Concordance between
cancer gene alterations in tumor and circulating tumor DNA
correlates with poor survival in a real-world precision-medicine
population. Mol Oncol 2023;17:1844-56. https://doi.org/10.1002/
1878-0261.13383.

Urso L, Vernaci G, Carlet J et al. ESR1 Gene mutation in hor-
mone receptor-positive HER2-negative metastatic breast cancer
patients: concordance between tumor tissue and circulating tu-
mor DNA analysis. Front Oncol 2021;11:625636. https://doi.org/10
.3389/fonc.2021.625636.

Brown D, Smeets D, Szekely B et al. Phylogenetic analysis of
metastatic progression in breast cancer using somatic muta-
tions and copy number aberrations. Nat Commun 2017;8:14944.
https://doi.org/10.1038/ncomms14944.

Yates LR, Knappskog S, Wedge D et al. Genomic evolution of
breast cancer metastasis and relapse. Cancer Cell 2017;32:169-84
e7. https://doi.org/10.1016/j.ccell.2017.07.005.

Zelinova K, Jagelkova M, Laucekova Z et al. Molecular analysis of
circulating tumor DNA from breast cancer patients before and
after surgery and following adjuvant chemotherapy. Mol Clin On-
col 2020;13:26.

Received 22 September 2024; revised 11 December 2024; accepted 12 December 2024. published 24 December 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of the West China School of Medicine &amp; West China Hospital of Sichuan University. This is an Open Access article distributed under
the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original
work is properly cited.

Gz0Z Jaquieoa( 0 uo 1sanb Aq L££ze6./FE09eqd/| /g/e1onie/wod/woo dno olwapeose//:sdiy woll papeojumod


https://doi.org/10.1001/jamaoncol.2016.1279
https://doi.org/10.1158/1078-0432.CCR-22-3573
https://doi.org/10.1016/j.annonc.2020.12.013
https://doi.org/10.1038/s41467-018-03215-x
https://doi.org/10.1158/1078-0432.CCR-20-0224
https://doi.org/10.1200/JCO.20.02151
https://doi.org/10.1158/1538-7445.SABCS22-OT1-11-01
https://doi.org/10.1158/1078-0432.CCR-19-3953
https://doi.org/10.1038/s41586-022-05068-3
https://doi.org/10.1126/scitranslmed.aab0021
https://doi.org/10.1016/j.annonc.2020.11.007
https://doi.org/10.1158/1078-0432.CCR-21-3231
https://doi.org/10.1200/PO.20.0024
https://doi.org/10.1016/j.eclinm.2023.102029
https://doi.org/10.1200/JCO.21.01657
https://doi.org/10.3390/cancers11121938
https://doi.org/10.1002/1878-0261.13383
https://doi.org/10.3389/fonc.2021.625636
https://doi.org/10.1038/ncomms14944
https://doi.org/10.1016/j.ccell.2017.07.005
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	Acknowledgments
	Author contributions
	Conflict of interest
	Ethics statement
	Data availability statement
	References

