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Abstract

Circulating tumor DNA (ctDNA) is the cornerstone of liquid biopsy
diagnostics, revealing clinically relevant genomic aberrations from
blood of cancer patients. Genomic analysis of single circulating
tumor cells (CTCs) could provide additional insights into intra-
patient heterogeneity, but it requires whole-genome amplification
(WGA) of DNA, which might introduce bias. Here, we describe a
novel approach based on mass spectrometry for mutation detection
from individual CTCs not requiring WGA and complex bioinfor-
matics pipelines. After establishment of our protocol on tumor cell
line-derived single cells, it was validated on CTCs of 33 metastatic
melanoma patients and the mutations were compared to those
obtained from tumor tissue and ctDNA. Although concordance with
tumor tissue was superior for ctDNA over CTC analysis, a larger
number of mutations were found within CTCs compared to ctDNA
(p= 0.039), including mutations in melanoma driver genes, or
those associated with resistance to therapy or metastasis. Thus,
our results demonstrate proof-of-principle data that CTC analysis
can provide clinically relevant genomic information that is not
redundant to tumor tissue or ctDNA analysis.
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Introduction

With minimally invasive access to tumor cells or tumor-derived
material, liquid biopsy allows a dense monitoring of tumor
evolution through the course of treatment (Heidrich et al, 2023;
Alix-Panabières and Pantel, 2021; Keller and Pantel, 2019).
Mutational profiling has been preferentially performed on ctDNA,
the tumor-originating fraction of circulating cell-free DNA
(cfDNA), mainly released as small fragments from apoptotic cells
into the blood circulation. The growing popularity of ctDNA
analysis can be explained by the considerable technological
progress made in lowering mutation detection thresholds with
highly sensitive methods like digital PCR or adapted next-
generation sequencing (NGS) protocols as well as simplified pre-
analytical workflows requiring only blood centrifugation and DNA
extraction. ctDNA studies have shown a good concordance in the
detection of the main driver mutation with tumor tissue in a large,
diverse set of tumor entities (Keller et al, 2021; Odegaard et al,
2018). Interestingly, somatic mutations that had been missed in the
corresponding tissue sample were also reported, suggesting that
mutations in ctDNA can arise from different tumor regions
(Heitzer et al, 2019; Parikh et al, 2019; Pereira et al, 2021; Wong
et al, 2017; Murtaza et al, 2015). Thereby, liquid biopsy blood
analyses have been shown to give a more complete overview of the
tumor genome than a single tumor biopsy (Keller and Pantel, 2019;
Heidrich et al, 2023; Alix-Panabières and Pantel, 2021).

In addition to ctDNA, CTCs offer the opportunity to assess the
genome and transcriptome of intact viable tumor cells with a high
metastatic potential and hence to retrieve relevant functional
information of living cells. However, individual CTC analysis
requires a labor-intensive workflow and in particular genome
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analysis requires a whole-genome amplification (WGA) step which
is considered mandatory to get sufficient DNA for downstream
molecular analysis like single nucleotide variant (SNV) (Paoletti
et al, 2018; Rossi et al, 2022; Rothé et al, 2022) or CNA profiling
(Carter et al, 2017; Asante et al, 2023; Paoletti et al, 2018;
Fernandez-Garcia et al, 2022; Oulhen et al, 2021). Besides
increasing the turnaround time of the analysis, this step is prone
to amplification bias, polymerase errors, and allele drop-outs (Lohr
et al, 2014; Pailler et al, 2019; Babayan et al, 2016; Cani et al, 2022).
Overcoming this technical hurdle would therefore simplify
mutation detection in single CTCs, thereby expanding the
possibilities to provide in real time a more comprehensive picture
of tumor evolution and heterogeneity from liquid biopsy analysis.

Here, we present a simplified, WGA-free workflow for CTC
analysis at the single cell level to interrogate multiple particular
hotspot mutations. Our method was validated by single cell analysis
of 132 CTCs isolated from the peripheral blood of 33 metastatic
melanoma patients, and the results were compared to the
mutations on ctDNA and tumor tissue, which demonstrated that
genomic CTC analysis provides additional clinically relevant
genomic information.

Results

Mutation detection rate at the single cell level with the
modified UltraSEEK® Melanoma protocol

Our modified protocol (see Methods) was first tested on genomic
DNA (gDNA) extracted from 5 tumor cell lines (A2058, SKMEL28,
SKMEL30, SKMEL2, WM1366) harboring 5 different mutations
comprised among the predefined UltraSEEK® Melanoma panel (see
Dataset EV 1 or 2 for the list of mutations). We serially diluted
gDNA down to the level of a single cell (about 6.6 pg for a diploid
cell line) and assessed the protocol in duplicate at each dilution. At
6.6 pg, at least one duplicate was positive according to our mutation
calling process based on ‘Normalized Intensity’ and SNR values
(Fig. EV1B) indicating thereby the capacity of our protocol to
detect mutations from minute amounts of DNA. Note that at this
stage, the ‘Normalized Intensity’ threshold is defined on water
samples (Dataset EV 1).

After setting up our protocol on gDNA, we tested it on
single cells not chemically preserved (i.e., alive), referred to here-
after as ‘non-fixed’ single cells. The median detection rate of
mutation (calculated among lysed cells) was 80% and varies
from 60% (MAP2K1 P124S_f2) to 100% (NRAS Q61L_r1)
(Fig. EV1A,B).

Mutation detection after CTC enrichment methods with
the modified UltraSEEK® protocol

CTC enrichment methods are generally expected to process
chemically preserved blood. Chemical preservation can induce
diverse DNA damages (Hykin et al, 2015; Quach et al, 2004),
potentially compromising the subsequent detection of mutations.
As representative for size- and deformability-based CTC enrich-
ment methods, we selected the Parsortix® enrichment device with
blood chemically preserved in Transfix® tubes as previous results
had demonstrated superior CTC recovery rates versus EDTA-blood

(Koch et al, 2020). Thus, we assessed our protocol on tumor cells
from melanoma cell lines spiked into blood from healthy donors,
chemically preserved in Transfix® tubes and processed with the
Parsortix® CTC enrichment method, mimicking thereby the
complete patient workflow (Fig. 1A).

We defined a new normalized intensity threshold based on
leukocytes processed through the same workflow (Dataset EV 2). In
order to validate the mutation calling process (based on the
normalized intensity and the SNR value), we defined a validation set
composed of 15 single cells from 2 different cell lines (A2058,
SKMEL30) and 12 leukocytes from one healthy donor. We observed
11 positive calls in 7 different mutations assays (CTNNB1_S45P-f1;
KIT_V559A-f1; KIT_V559A-f2; KIT_L576P-f2; MAP2K1_P124S-f2;
SDHD ‘mut1’-f1; SDHD ‘mut2’-f1, Dataset EV 3) among the
leukocytes. In melanoma tumor cell lines, we did not detect any other
mutation apart from the expected BRAF V600E, MAP2K1 P124S
(_f1), and NRAS Q61K mutations (Dataset EV 3). While we have not
observed any unexpected mutation in 90.8% (69/76) of the assays,
6.6% (5/76) of the assays (CTNNB1_S45P-f1; KIT_L576P-f2;
MAP2K1_P124S-f2; SDHD_mut1-f1; SDHD_mut2-f1), present a rate
of unexpected mutation of 3.7% (1/27) and 2.63% (2/76) of the assays
(KIT_V559A-f1; KIT_V559A-f2) present a rate of unexpected
mutation of 11.1% (3/27). Therefore, the mutation calling strategy is
validated for the vast majority of the UltraSEEK® Melanoma Panel
assays and the assays with positive values on leukocytes were excluded
from further analysis.

Of note, when re-analyzing the mutation recovery rates for
“non-fixed” single cells with the allele frequency threshold set on
leukocytes, the same recovery performance was obtained as with
the threshold defined on water controls.

On ‘Parsortix’ cells, the lysis efficiency (i.e., the number of cells
efficiently lysed and with DNA successfully amplified over the total
number of cells successfully picked; see Methods for determination
of cell lysis status and successful gDNA targeted amplification) was
80.8% ± 10% (mean ± SD). The median detection rate of mutations
was 81.5% and varies from 41.1% (MAP2K1 P124S_f1) to 87.5%
(NRAS Q61L_r1, NRAS Q61R_r1). Mutation detection rate for
each mutation is detailed in Fig. 1A and characteristics of each
mutation call (i.e., normalized intensity and SNR) are given in
Fig. EV1B. Therefore, the modified UltraSEEK® protocol does not
seem to be drastically impacted by chemical preservation of the
blood samples.

Overall, these results validate the capability of our protocol to
detect different mutations in single CTCs isolated with the
Parsortix® CTC enrichment method. We thus extended our study
to a cohort of advanced (metastatic, unresectable) melanoma
patients and compared the mutations found in CTCs and ctDNA
with the same panel.

CTC detection in the metastatic melanoma cohort

In total, 33 metastatic, non-resectable melanoma patients were
enrolled and their clinical characteristics are presented in Table 1.
The vast majority of these patients (72.7%) were receiving a first
line of therapy (93.7% immunotherapy and 6.3% targeted therapy).
BRAF V600E and NRAS mutations (NRAS Q61R, NRAS Q61K)
were found in tumor tissue in 35.5% (11/31) and 19.4% (6/31)
patients, respectively. Twenty-five patients were sampled before the
start of a new line of therapy (three of them were also sampled
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during the treatment) and eight only during the treatment, totaling
39 blood samples. Melanoma CTCs were captured with the
Parsortix® device (whose CTC recovery performance was
72 ± 12% (Fig. EV2A,B). CTCs were detected in 69.2% (27/39
(95%CI: 52.4–83.0) samples and the median CTC number per
sample was 4 (range: 1–55), reaching a total of 250 CTCs.

With a median clinical follow-up of 11 months [95%CI: 9.1;
19.7], the number of CTCs detected per patient on the
blood sample before immunotherapy initiation tended to be
associated with a worse prognosis (progression-free survival HR
(95%CI):1.04 (0.99–1.09); p = 0.16 and overall survival HR (95%
CI): 1.08 (1.00–1.17); p = 0.053 in univariable Cox proportional
hazard model). Clinical characteristics of patients included in
this study are provided in Table 1. No association between
specific metastatic sites with CTC detection was found in this
pilot study.

Mutational analysis of individual CTCs in
melanoma patients

For mutational analysis with the modified UltraSEEK® Melanoma
Panel, 73.2% (183/250) CTCs were manually picked and 72.1%
(132/183) cells were successfully lysed, a rate similar to the one
previously observed on melanoma cell lines. In terms of blood
samples, 70.4% (19/27) had at least one CTC efficiently lysed.

Seven assays that presented positive signals in leukocytes were
excluded from the analysis of mutations in patients and affected 5
CTCs. Overall, we found mutations in 55.6% (15/27) of the samples
corresponding to 57/132 (43.2%) of CTCs efficiently lysed. In the
vast majority (52/57, 91.2%) of the CTCs, only one mutation was
found while 5/57 (8.8%) CTCs had 2 mutations or more.
Parameters (normalized intensity and SNR) to call mutations
within CTCs are provided in Dataset EV 4.

Figure 1. Melanoma CTC analysis complements ctDNA analysis for mutation detection

(A) Left: Schematic figure of the Parsortix® enrichment workflow with melanoma tumor cell lines. Left panel: melanoma tumor cells were spiked into ‘Transfix’ blood,
captured in the Parsortix® cassette and harvested on a slide for staining to be picked by manual micromanipulation. Created using BioRender.com. Right panel: Recovery
rate obtained for each assay on single cell with Parsortix® enrichment. Detection rate is displayed above the bar and the number of cells with successful mutation detection
over the number of efficiently lysed cells is mentioned within bars. Note that recovery data are presented for each PCR assay in case multiple PCR assays for the same
mutation are present in the panel. (B) Number of mutations in ctDNA or CTCs in samples with both sufficient amount of cfDNA and at least one CTC efficiently lysed, as
defined by internal process controls. Of note, the assays with positive signals observed in the leukocytes validation set have been removed. P-value was calculated using
the Wilcoxon signed-rank test for paired data. (C) Landscape of the mutations detected in the different melanoma samples (tissue, cfDNA, CTC). On the top of the panel,
patient ID is indicated with the type of sample analyzed. We distinguished samples obtained before initiation of treatment from those obtained during treatment. For
patient 26, we grouped the 3 samples obtained during treatment. ‘Tissue UltraSEEK’ stands for the analysis of gDNA from a tumor tissue sample with UltraSEEK®

Melanoma Panel. The assays with positive values on leukocytes validation set are marked with an asterisk. SDHD.Mut3 stands for SDHD mutation Chr11:111,
957,544 C > T. Source data are available online for this figure.
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Comparative mutational analysis of CTCs and ctDNA in
melanoma patients

In parallel to CTCs, the same mutations were screened in cfDNA
using the standard UltraSEEK® Melanoma Panel (Dataset EV 5).
The description of mutation detection performance within each
liquid biopsy (LB) analyte is recapitulated in Table 2. In total,
59.0% (23/39) samples had both CTCs detected and a sufficient
amount of cfDNA, four samples had only CTCs, nine only cfDNA
and three neither. No correlation was found between the number of
CTCs and cfDNA concentration (Spearman coefficient: 0.20;
p = 0.24). Despite a higher potential of cfDNA to provide
mutational information (82.1% (32/39) of samples had a sufficient
amount of cfDNA versus 48.7% (19/39) with at least one CTC
picked and efficiently lysed), the percentage of samples with at least
one mutation detected was similar between CTC and cfDNA
(38.5% (15/39) versus 48.7% (19/39)) and the number of different
mutations was higher in CTCs (Tables 2 and 3). Notably, among
the 16 samples that presented both a sufficient amount of cfDNA
and at least one CTC picked and efficiently lysed, a significantly
larger number of mutations per sample was also found within
CTCs (range: 0-6) in comparison to ctDNA (range: 0–2; p = 0.0392)
(Fig. 1B).

Among those 16 samples (Fig. 1C), 2 (12.5%) were fully
concordant (i.e., all mutations detected are identical), 4 (25%)
partially concordant (i.e., at least one mutation in common) and 10
(62.5%) were discordant (i.e., no mutation in common). In those
latter 10 samples, 5 had no mutation in ctDNA while at least one
mutation was detected in CTC, 3 had a mutation (RAC1 P29S,
NRAS Q61E, and MAP2K1 P124S) detected in ctDNA not found in
CTC and 2 had different mutations between CTCs and ctDNA.
Thus, CTC analysis provides additional information to ctDNA in
11/16 (68.8%) of the samples. The mutations that could be only
found in CTCs in some of these 11 samples were canonical
mutations in BRAF (V600E and K601E) or NRAS (Q61R and
Q61K) genes (7 samples), less frequent mutations in BRAF (V600G,
V600M, D594N) or NRAS (G12S) genes (5 samples), activating
mutations in CTNNB1 gene (2 samples) and the MAP2K1 F53L
activating mutation (3 samples) (Fig. 1C).

Overall, these results demonstrate that CTC analysis could bring
non-redundant information to ctDNA on melanoma driver genes
or those associated with resistance to therapy or metastasis.

Concordance level between liquid biopsy analytes
and tumor tissue

We assessed the concordance level for NRAS and BRAF mutations
between each LB analyte and the tumor tissue since these two genes
are commonly screened in clinical routine. Twenty patients with a
sufficient amount of cfDNA and 11 patients with at least one CTC
picked and lysed in the blood sample before therapy initiation were
analyzed for tissue concordance, respectively. Median time from
tissue analysis to blood sampling was 6.2 months (range: 0; 41) for
those samples. Concordance was defined as follows: the BRAF or
NRAS mutation was commonly shared with the tissue and each LB
analyte or both tissue and LB analyte were negative for mutations
in these two genes. 85% (17/20, 95%CI: 62.1–96.8) of the blood
samples were concordant between ctDNA and tumor tissue. CTC

Table 1. Patients clinical characteristics.

Total (N= 33)
Patients included in survival
analysis (N= 23)

Age: median (range) 60 (41–88) 61.0 (41.0–88.0)

Gender

Female 12 (36.4%) 9 (39.1%)

Male 21 (63.6%) 14 (60.9%)

Primary melanoma site

CUP 4 (13.3%) 4 (18.2%)

Cutaneous 20 (66.7%) 12 (54.5%)

Mucosal 3 (10.0%) 3 (13.6%)

Uveal 3 (10.0%) 3 (13.6%)

ND 3 1

AJCC classification (at diagnosis)

IIC 1 (3.0%) 0

III 4 (12.1%) 4 (17.4%)

IV 28 (84.8%) 19 (82.6%)

Metastatic classification (at diagnosis)

M0 7 (21.2%) 6 (26.1%)

M1a 2 (6.1%) 2 (8.7%)

M1b 4 (12.1%) 3 (13.0%)

M1c 13 (39.4%) 7 (30.4%)

M1d 7 (21.2%) 5 (21.7%)

Prior therapies

No 24 (72.7%) 17 (73.9%)

Yes 9 (27.3%) 6 (26.1%)

Mutation status (tissue)

BRAF.K601E 1 (3.2%) 0

BRAF.V600E 11 (35.5%) 6 (28.6%)

BRAF.V600K 2 (6.5%) 2 (9.5%)

NRAS.Q61K 3 (9.7%) 3 (14.3%)

NRAS.Q61R 3 (9.7%) 2 (9.5%)

WT (BRAF, NRAS) 11 (35.5%) 8 (38.1%)

ND 2 2

Baseline therapy

Immunotherapy 30 (93.7%) 23 (100.0%)

Targeted therapy 2 (6.3%) 0

ND 1 0

Timing of blood samples (n= 33)

Baseline only 22 (66.7%) 23 (100.0%)

Baseline + Post-TT 3 (9.1%) 0

Post-TT only 8 (24.2%) 0

Time from tissue analysis to blood samplinga (n= 25)

0–2 months 11 (47.8%) 10 (47.6%)

>2 months 12 (52.2%) 11 (52.4%)

Missing 2 2

AJCC American Joint Committee on Cancer, CUP Cancer of Unknown
Primary.
aFor blood samples taken before treatment initiation.
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concordance with tissue (i.e., at least one CTC concordant) was
observed in 45.5% (5/11, 95%CI: 16.7–76.6) of the samples.

Other mutations than the one identified in the tissue were found
in 9/20 samples with ctDNA and in 8/11 samples with CTC. To
check if these additional mutations found in each LB analyte were
or were not present in a tumor tissue, we re-analyzed the genomic
DNA from the available tumor tissues with the UltraSEEK®
Melanoma Panel. In 3/7 samples (two tissue samples were missing
for this analysis), the additional mutations found in ctDNA were
also present in the tumor tissue (Appendix Fig. S1, Table EV 1 and
Dataset EV 5). Except for one BRAF V600E mutation that could be
also found in the tissue of one patient, the mutations found in
CTCs were not found in the tumor tissue. These “private” CTC
mutations affected significantly mutated genes in melanoma

(BRAF, NRAS, MAP2K1, KIT) or were in genes associated with a
more aggressive phenotype like CTNNB1. Thus, ctDNA and CTC
analyses of blood from melanoma patients can reveal mutations not
found by bulk analysis of randomly selected primary tumor tissue
of the same patient.

One clinical case illustrates how liquid biopsy and CTC analysis
in particular could provide more information about intra-patient
heterogeneity and about the metastatic clone relevant for disease
progression. Patient MEL30 was diagnosed with a metastatic
cutaneous melanoma wild-type (WT) for BRAF and NRAS genes in
its primary tumor but a BRAF V600E mutation was present in a
resected lymph node metastasis. This clinically relevant mutation
characterizing the metastasis was also detectable in CTCs but not in
ctDNA from the same sample, supporting the view that CTCs
might represent enriched selective information not present on
“bulk” ctDNA. In addition, an NRAS Q61R mutation not present in
the tumor tissue was found in both ctDNA and CTCs (Fig. 1C).

Application of the modified UltraSEEK® protocol to other
cancer entities and other CTC enrichment methods

As a proof-of-concept, we tested whether our protocol might be
applicable to other cancer entities with the use of another
UltraSEEK® mutation panel. After testing mutation detection rate
of 4 mutations of the UltraSEEK® Lung Panel on gDNA and non-
fixed single cells (Fig. EV3A,C), we tested the detection of EGFR
T790M and L858R mutations on single tumor cells from the H1975
cell line processed through the Parsortix® enrichment method and
obtained between 57% (_f2) and 78.5% (_f1) detection rate for
EGFR T790M mutation and 64.3% for EGFR L858R mutation
(Fig. EV3B,C). Of note, no other positive signal was observed on
the entire panel for 4 tumor cells and 5 leukocytes (Dataset EV 7).

Finally, we sought to explore whether the modified UltraSEEK®
protocol could also be applicable with CTCs isolated with another
platform like CellSearch®. The BRAFV600Emutation was successfully
detected in 88.9% of SKMEL28 tumor cells tested with the UltraSEEK®
Melanoma Panel (Fig. 2A). We then analyzed CTCs from two patients
(MEL21 and MEL31). In patient MEL21, we managed to find in one
individual CTC the BRAF K601E corresponding to the tumor tissue
(Figs. 2B and EV4A). Interestingly, we concomitantly detected another
NRAS Q61R mutation in this cell. In CTCs from patient MEL31, with
a BRAF V600E-mutated tumor, the BRAF V600E mutation was
detected in the majority of the CTC analyzed (5/7) and another
MAP2K1 N382H mutation was also detected in 2/7 CTCs (Figs. 2C
and EV4B). As the CellSearch® enrichment platform has been
extensively used to detect CTCs in breast cancer, we also tested
whether we could detect mutations in genes of therapeutic relevance in
this setting. After verifying that we could detect PI3KCA E545K

Table 2. Comparison between ctDNA and CTC analysis for mutation detection.

ctDNA analysis (N= 39) CTC analysis (N= 39)

Number of samples with informative LB analytea 32/39 (82.1%, 95%CI: 66.5–92.5) 19/39 (48.7%, 95%CI: 32.4–65.2)

Number of samples with at least one mutation detected 19/39 (48.7%, 95%CI: 32.4–65.2) 15/39 (38.5%, 95%CI: 23.4–55.4)

Number of samples where two mutations or more were detected 8/39 (20.5%, 95%CI: 9.3–36.5) 8/39 (20.5%, 95%CI: 9.3–36.5)

Median number of mutations (when detected) per sample 1 (range: 1–2) 2 (range: 1–6)

Total number of different mutations 8 17

a“Informative” LB analyte means at least one CTC picked and efficiently lysed or presence of sufficient amount of cfDNA.

Table 3. Mutations found in ctDNA and CTCs.

Number of ctDNA
samples (N= 32a)

Number of CTC
samples (N= 19b)

Any mutation 19 (59.4%) 15 (78.9%)

BRAF.D594N – 2 (10.5%)

BRAF.K601E 2 (6.3%) 2 (10.5%)

BRAF.V600E 11 (34.4%) 6 (31.6%)

BRAF.V600G – 1 (5.3%)

BRAF.V600M – 4 (21.1%)

CDKN2A.R80X – 1 (5.3%)

CTNNB1.S37Y – 3 (15.8%)

IDH1.R132C – 1 (5.3%)

IDH1.R132H – 2 (10.5%)

KIT.W557R – 1 (5.3%)

MAP2K1.P124S 1 (3.1%) –

MAP2K1.F53L – 3 (15.8%)

NRAS.G12S – 1 (5.3%)

NRAS.G13D – 1 (5.3%)

NRAS.Q61E 1 (3.1%) –

NRAS.Q61K 3 (9.4%) 2 (10.5%)

NRAS.Q61R 3 (9.4%) 5 (26.3%)

RAC1.P29S 5 (15.6%) –

RQCD1.P131L 1 (3.1%) 1 (5.3%)

SDHD. Chr11:111,
957,544 C > T

– 2 (10.5%)

aIn samples with sufficient amount of cfDNA (32 samples).
bIn samples with at least one CTC picked and efficiently lysed (19 samples).
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Figure 2. Mutation detection on different individual CTCs isolated with CellSearch® and DEPArray™ combined workflow.

(A) Left: Schematic figure of the CellSearch®/DEPArray™ enrichment workflow with melanoma and breast tumor cell lines. Left panel: melanoma or breast tumor cells
were spiked into ‘CellSave’ blood, captured on the CellSearch® platform and isolated as single cells with the DEPArray™ system. Created using BioRender.com. Right panel:
Recovery rate obtained for each assay on single cell with CellSearch®/DEPArray™ enrichment. The detection rate is displayed above the bar and the number of cells with
successful mutation detection over the number of efficiently lysed cells is mentioned within bars. Note that recovery data are presented for each PCR assay in case
multiple PCR assays for the same mutation are present in the panel. (B, C) Illustrative picture of melanoma CTCs and of the mutation calls in 2 melanoma patients (B.
patient MEL21; C. Patient MEL31). Scale bar represents ca. 10 µm. (D) Illustrative picture of breast cancer CTCs and its subsequent analysis with UltraSEEK® protocol (for 8
CTCs) or sequencing after WGA (for 6 CTCs). Successful cell lysis and gDNA amplification was obtained in 4/8 CTCs with UltraSEEK® protocol and from 2/6 CTCs after
WGA quality control. PI3KCA E545K mutation was detected in 4/4 CTC and 1/2 CTC, respectively. Scale bar represents ca. 10 µm. Source data are available online for this
figure.
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mutation from MCF7 cells alive or processed with the CellSearch®/
DEPArray™ workflow (70% and 80% detection rate, respectively,
Figs. 2A and EV3A), we assessed CTCs obtained from a breast cancer
patient (primary tumor: ER+, PR+, HER2 1+, Ki67 15%) with the
UltraSEEK® Lung Panel, as this panel interrogates several genes of
therapeutic interest like ERBB2, PIK3CA in breast cancer. With the
modified UltraSEEK® protocol, we detected a PIK3CA E545K
mutation in 4 CTCs (Figs. 2D and EV4C). Importantly, this mutation
was also separately detected in one CTC out of two by sequencing its
WGA product, confirming our results (Fig. 2D).

Discussion

Mutation detection among individual CTCs is challenging in
melanoma and other solid tumors. After CTC isolation, standard
workflow typically requires WGA followed by NGS analysis and
usually takes about 5 to 10 days depending on the protocols used.
Here, we report on the successful development of a simplified
workflow that amplifies the regions of interest, allowing the
interrogation of multiple hotspot mutations at the single cell level
without requiring prior WGA, does not depend on NGS and that
can be performed in 3 days, therefore presenting a substantial gain
in the turn-around time of the analysis (Fig. EV5). To do so, we
selected a cost-effective solution initially developed to interrogate
multiple hotspot mutations in ctDNA with high sensitivity (Lamy
et al, 2020) and reproducibility (Weber et al, 2020), independently
validated in metastatic melanoma (Gray et al, 2019) or lung cancer
patients (Lamy et al, 2020; Belloum et al, 2020).

We obtained efficient rates of single-cell lysis and DNA
amplification (superior to 70% in CTCs from patients) and
detection rates superior to 70% for several mutations on individual
tumor cells. This protocol was mainly assessed with CTCs isolated
by the Parsortix® device, one of the two FDA-cleared CTC
enrichment methods. Preliminary results obtained on two tumor
cell lines and CTCs isolated from three patients with the
CellSearch®/DEPArray™ workflow (Fig. 2) suggest that the modified
UltraSEEK® protocol might as well be applicable on multiple
mutations with this other FDA-cleared CTC-enrichment platform.
In the two melanoma cases where CTCs were both isolated with
CellSearch® or Parsortix® enrichment methods, the driver mutation
present in the tumor tissue was detected on CTCs enriched with
both methods. Nevertheless, we also report mutations exclusively
found in the ‘CellSearch-CTC’ that were not found in the
‘Parsortix-CTC’. This can be explained by the fact that both
methods capture (different) CTCs based on different enrichment
principles (membrane antigen for CellSearch® and size/deform-
ability for Parsortix®), which might explain the heterogeneity of
results. Finally, our results also suggest that this protocol could be
applied to other solid tumor entities like lung or breast cancers.

With this new protocol, we could study multiple hotspot
mutations in 13 genes from 132 individual melanoma CTCs of 33
metastatic melanoma patients. To our best knowledge, only BRAF
V600E had so far been tested within melanoma CTCs (Sakaizawa
et al, 2012). Although timing between blood sampling and tissue
analysis should be considered, the concordance level of 45%
between CTCs and tumor tissue analysis suggests a higher degree of
intra-patient heterogeneity in melanoma than the one observed
with bulk sequencing of tumor tissues (Chang et al, 2020). The

genomic information of CTCs may therefore not only originate
from the tumor tissue that was analyzed from the patient but could
also be released by small metastatic subclones or occult metastatic
lesions, as it was already demonstrated by autopsy studies for
ctDNA in melanoma (Wong et al, 2017) and several other clinical
entities (Parikh et al, 2019; Pereira et al, 2021; Murtaza et al, 2015).
CTC analysis could therefore provide a more comprehensive
picture of intra-patient heterogeneity.

Mutations found in ctDNA and CTCs and concordance with tumor
tissue have yet been rarely compared in the same cancer patients. First,
the concordance level between ctDNA and the tumor tissue was
consistent with previous reports (Diefenbach et al, 2020; Calapre et al,
2019; Santiago-Walker et al, 2016) but superior to the one between
CTCs and the tumor tissue. This difference could be explained by the
fact that ctDNA analysis corresponds to a kind of bulk sequencing
approach with a sensitivity limit that depends on the assay employed
(down to 0.1% of variant allele frequency with UltraSEEK® assay for
certain mutations) and reflects a larger pool of tumor cells than a single
CTC. A variant allele frequency of 0.1% observed in ctDNA is
estimated to correspond to a tumor volume of 10 cm3 (i.e., 300 million
malignant cells) in NSCLC (Abbosh et al, 2023, 2017) although this
also remains to be verified in melanoma (Braune et al, 2020) since
shedding capacity can also vary between tumor type and localization.
For CTCs, the stochasticity related to the low volume of blood sampled
in case of a low number of cells together with the difference in
sensitivity level between a single cell analysis and a bulk sequencing
approach is to be considered for the interpretation of concordance with
the tumor tissue. Second, our results also demonstrate that CTC
analysis brings complementary information to ctDNA in almost 70%
of the cases with some CTC ‘private’ mutations in genes implicated in
immune evasion or tumor dissemination mechanisms like CTNNB1
(Karachaliou et al, 2022; Damsky et al, 2011; Spranger et al, 2015;
Massi et al, 2017; Lin et al, 2020) and CDKN2A (Zeng et al, 2018).
These findings appear particularly relevant in this context since CTCs
are intact viable cells that reflect an active process of tumor
dissemination and a more aggressive phenotype, as corroborated by
their almost significant association with worse overall survival in this
cohort and by other previous reports including our own in melanoma
(Gorges et al, 2019; Lucci et al, 2020; Gray et al, 2015; Khoja et al,
2012). CTCs might also originate from a different metastatic subclone
than the one(s) shedding ctDNA. In some patients, we could also
exclusively detect mutations in melanoma driver genes (BRAF, NRAS,
MAP2K1, KIT) suggesting that CTC analysis could complement
ctDNA analysis for relevant clinical implications in personalized
medicine in oncology.

Our study presents some limitations, the first one being the small
size of our patient cohort. Follow-up samples would have also been
interesting to capture tumor evolution under therapy and larger
cohorts of patients from different clinical entities should now be
studied in order to better understand the complementarity of CTC
and ctDNA mutational profiling. Second, mutation detection from
single CTCs remains technically challenging at different steps.
Single-cell isolation is the first bottleneck that needs to be further
improved by more efficient automated methods like the DEPArray™
used in our study for single cell isolation of tumor cell-line cells and
CTCs isolated by the CellSearch® system. Even if we managed to
pick 73.2% of the potential CTCs we detected, the workflow used for
the melanoma cohort relies on manual picking whose success rate
can be dependent on user’s expertise. Lysis efficiency is the next step
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that can lead to some loss even if we managed to lyse more than 70%
of patient CTCs and finally, the mutation detection efficiency of our
protocol is around 81.5% (among lysed cells) based on the results of
our tumor cell lines experiments. Therefore, the combination of
these different technical steps impact our mutation detection
efficiency from CTC. Nevertheless, the observed detection rate of
mutations in CTCs of this cohort (43%, 57/132) could be as well
explained by the limited number of mutations interrogated by the
panel (albeit designed to detect the most frequent ones) and
biological factors such as the unknown percentage of cells within
each tumor bearing the mutation and the fact that CTCs are tumor
cells selected through the tumor dissemination process. Conse-
quently, all these parameters play a role in the appraisal of intra-
tumor heterogeneity and in the comparison of the molecular
content of CTCs with tumor tissue and/or ctDNA. Specificity of our
mutation calling approach also plays a role in that matter. Our
mutation calling strategy is based on two parameters (normalized
intensity and SNR) that reflect two complementary characteristics of
the peak. While the vast majority (90.8%) of the assays did not
present any signal in leukocytes used as negative control, we
observed positive signals in some leukocytes for 7 assays that we
excluded from CTC analysis.

Solutions to interrogate a larger number of mutations or other
kind of genetic events are therefore needed for a more comprehen-
sive exploration of the genome content of CTCs. In this line,
attempts to adapt next-generation sequencing (NGS) methods to
single CTCs without WGA have been described. To our best
knowledge, the latter have so far only been successful on pools of
CTCs from scarce cases of pancreatic (Yu et al, 2020) or colorectal
(Liebs et al, 2021) cancers. High throughput sequencing methods
applicable to single cells and using targeted amplification of
genomic regions of interest are thus promising. But, they are not
yet adapted to the low number of CTCs present in a usual blood
draw because of the high level of cell drop-outs which necessitates a
large input of single cells (Morita et al, 2020; Gao et al, 2019).

Overall, we developed an original simplified workflow without
the need of WGA and complex bioinformatics to interrogate
multiple clinically relevant mutations in individual CTCs that
demonstrate the utility of CTC analysis to describe intra-tumor
heterogeneity more comprehensively in melanoma patients. We
foresee that the mutational profiling of CTCs could complement
ctDNA genotyping in order to more easily decipher the clonal
architecture and to identify the most aggressive clones, CTC
analysis also bringing the advantage to correlate the phenotype to a
particular genotype with multi-omic approaches. In addition,
single-cell CTC mutational analysis could circumvent the chal-
lenges associated with clonal hematopoiesis for interpretation of
ctDNA results. Early stages and detection of minimal residual
disease would be particularly interesting to study, which is limited
however by the extremely low CTC counts in non-metastatic
cancer patients. However, molecular characterization of CTCs is
limited by the CTC capture rate, independent from the down-
stream molecular assay used for genomic profiling. Technologies
to capture higher CTC numbers and to improve the sorting of
single CTCs for downstream analyses are currently being
established (Keller and Pantel, 2019) which, in combination with
the presented platform for genomic single cell analysis may open
new avenues for future investigation and potentially envision
clinical applications.

Methods

Patient cohort

This study included 21 metastatic, non-resectable melanoma patients
from the University Skin Cancer Center, University Medical Center
Hamburg-Eppendorf, Hamburg, Germany. All patients provided
informed consent for participating in this study, which was approved
by the ethical commissions of the Hamburger Ärztekammer (General
Medical Council Hamburg) (PV5392). This study also included 12
metastatic melanoma patients from the Department of Dermatology,
Elbe Kliniken Buxtehude, Buxtehude, Germany, who also provided
informed consent to participate in this study. Inclusion criteria were:
(i) a confirmed diagnosis of melanoma according to the AJCC version
8 melanoma staging and classification (ii) at least 18 years of age. All
histologic types of melanoma, including mucosal and uveal melanoma
were eligible for inclusion. Exclusion criteria were the presence of an
autoimmune disease, HIV, hepatitis B or C, pregnancy, or
concomitant systemic therapy for melanoma.

The blood sample from the metastatic breast cancer patient for
CTC detection with the CellSearch® system was obtained from the
Gynecologic Oncology, National Center for Tumor Diseases,
University of Heidelberg.

The experiments performed on human-derived blood samples
conformed to the principles set out in the WMA Declaration of
Helsinki and the Department of Health and Human Services
Belmont Report.

Tumor cell lines and culture

The melanoma-derived cell lines SKMEL28 (carrying the BRAF V600E
mutation) and WM1366 (NRAS Q61L), the breast cancer cell lines
(MCF7 (PIK3CA E545K) and T47D (PIK3CA H1047R)) and the non-
small cell lung cancer cell line (H1975 (EGFR T790M, EGFR L858R)
were purchased from the ATCC (ATCC, Manassas, VA, USA). The
melanoma-derived cell lines SKMEL2 (NRAS Q61R), SKMEL30
(NRAS Q61K) that were chosen for analysis were a kind gift from
Dr. Alex Bauer and Prof. Stefan W. Schneider. The melanoma-derived
cell line A2058 (BRAF V600E, MAP2K1 P124S) was kindly provided
by Dr. Thomas Schlange within the Cancer ID consortium.

Cell lines were tested for mycoplasma contamination and
recently authenticated. Cells were cultured in cell culture flasks
under standard conditions in humidified incubators at 37 ◦C with
10% CO2 or 5% CO2 depending on the medium. RPMI and DMEM
media (Gibco-Life Technologies, Darmstadt, Germany) were
employed as recommended by ATCC and fortified with 10% fetal
bovine serum (Gibco-Life Technologies, Darmstadt, Germany, 1%
L-glutamine (Gibco-Life Technologies, Darmstadt, Germany) and
1% penicillin/streptomycin (Gibco-Life Technologies, Darmstadt,
Germany). Cell passaging was performed at 70% confluency.

gDNA isolation from tumor cell lines was performed using the
NucleoSpin tissue kit (Macherey Nagel, Düren, Germany) accord-
ing to manufacturer’s instructions.

Spiking of healthy donor blood with tumor cell line cells

Cell line cells were prepared for spiking experiments by washing with 2
x PBS (Gibco-Life Technologies, Darmstadt, Germany) and incubating
with 1X Citrate buffer (diluted from 10X Citrate buffer: 1.35M KCL,
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150mM Na-Citrate into PBS) for 5min at room temperature prior to
resuspending in culture medium. The cell suspension was centrifuged
at 190 × g for 5min after which the supernatant was discarded, and the
cells were re-suspended in fresh culture medium.

For the evaluation of cell recovery after Parsortix® enrichment, a
defined number of cells (30) were spread to a petri dish filled with
medium, manually counted and picked under a light microscope.
Defined cell counts were added to Transfix® chemically preserved
blood samples from healthy donors (HD). For the cell lines that were
only used to evaluate our mutation detection protocol, a higher non-
defined number of cells was directly spiked into the blood of healthy
donors. Following blood spiking, the blood samples were processed
through Parsortix® enrichment (see next sections for details).

For the evaluation of our mutation detection protocol on
CellSearch®, samples from healthy donors spiked with cells from
tumor-cell lines were drawn into CellSave™ (Menarini Silicon
Biosystems) preservation tube to be processed on the CellSearch®
(Menarini Silicon Biosystems) system.

CTC enrichment methods

The Parsortix® system (ANGLE plc, Guildford, UK) is a benchtop
microfluidic device designed for the size and deformability-based
capture of CTC from whole blood (Hvichia et al, 2016). It processes
the blood through an enclosed disposable cassette (6.5 µm gap)
with a controlled liquid flow rate defined by a pre-set separation
pressure. Based on previous results (Koch et al, 2020), we selected
the separation rate 99 mbar to process Transfix® blood samples.
After enrichment within the cassette, the liquid flow is reversed and
the captured tumor cells are flushed out. Cells were directly
harvested into cytospin funnels, centrifuged onto a glass slide
(190 × g, 3 min), dried overnight, and stored at −80 °C until further
processing (see next section for details).

The CellSearch Melanoma cell kit (Menarini Silicon Biosystems)
were used to enrich CTCs from blood samples spiked with
melanoma cells (SKMEL28) or from the blood of two melanoma
patients (Riethdorf et al, 2007). Image gallery analyses were
performed by experienced scientist (Sabine Riethdorf). Melanoma
CTCs were defined as NG2-positive, CD45 and CD34-negative cells
with a nuclear DAPI staining.

Melanoma CTC immunofluorescence identification assay

Tumor cells isolated with the Parsortix® system were identified by
immunofluorescence. Dried cytospin slides stored at −80 °C were
brought to room temperature (RT) and fixed with 0.5% PFA
(SigmaAldrich, Steinheim, Germany) for 10 min. The samples were
washed three times with 0.5 mL of 1x-PBS prior to application of
10% AB-serum/PBS (BioRad, Rüdigheim, Germany) for blocking
(20 min at RT). The following antibodies were incubated for 60 min
at room temperature: MCAM-AF488 (1/100, clone P1H12,
Biolegend, San Diego, CA, USA), NG2-AF488 (1/50, clone 9.2.27,
BD, Franklin Lakes, NJ, USA), S100B-DyLight550 (1/100, clone
4C4.9+ S100B/1012, Novus Biologicals, Wiesbaden-Nordenstadt,
Germany), Melanoma-marker cocktail-DyLight550 (MART-1,
Tyrosinase, gp100 Antibodies 1/100 (clones A103+ T311+
HMB45) Novus Biologicals, Wiesbaden-Nordenstadt, Germany),
CD45-PerCP (1/200, clone HI30, Biolegend, San Diego, CA, USA),
CD16-PerCP (1/200, clone 3G8, Biolegend, San Diego, CA, USA),

together with DRAQ5 (1/5000 Cell Signaling Technology, Danvers,
MA, USA). After 3 washes with 0.5 mL of 1x-PBS, cytospins were
covered with Prolong Gold Antifade Reagent (Thermo Fisher
Scientific, Dreieich, Germany), sealed with a coverslip and
examined by fluorescence microscopy (Axio Observer, Zeiss).

MCAM/NG2-positive and/or Melanoma-marker/S100B-posi-
tive, DRAQ5-positive, CD45-negative cells with intact morphology
were defined as tumor cells.

Single-cell micromanipulation

After screening of Parsortix® slides, tumor cells or identified CTC
were manually picked from the glass slide by a micromanipulator
(Eppendorf). Single cells were transferred to the cap of a 200 µl-
PCR tube under visual control by a nuclear fluorescent
DRAQ5 staining to ensure that whole nuclei were captured.

For single cells isolated from tumor cell lines that were not
processed through CTC enrichment methods, a cell suspension was
spread into a petri dish filled with PBS for these cells to be manually
picked under a light microscope. Single cells were transferred to a
cap of a 200 µl-PCR tube under visual control in bright field to
ensure that the cell was captured.

DEPArray™ isolation

CellSearch® cartridges were stored at 4 °C in a dark environment
before being processed (within the next 30 days after CellSearch®
enrichment) to recover single CTCs with the DEPArray™ system
(Menarini Silicon Biosystems) according to the manufacturer’s
instructions. Cartridge content was transferred into the DEPArray™
cartridge, which facilitates the selection of individual cells based on
immunofluorescent staining criteria and cell morphology. After
imaging, individual selected cells were routed for single-cell
isolation and recovery. After isolation, single cells were stored at
−20 °C or immediately lysed.

Single-cell lysis

For cell lysis, 3 µl of lysis buffer (Appendix Table S1) were applied
to the single cell for 5 min on ice immediately after its transfer into
the cap of a 200 µl-PCR tube. After a centrifugation step
(10,000 × g, 10 min, 4 °C), the lysis solution was incubated for
10 h at 42 °C, followed by inactivation at 65 °C for 30 min and
denaturation at 95 °C for 15 min. Cell lysates are then stored at
−80 °C until further analysis.

UltraSEEK® Melanoma and Lung Panels on single cells

The UltraSEEK® Melanoma and Lung Panels (Agena Bioscience,
San Diego, CA, USA) are designed to detect multiple hotspot
mutations of melanoma or lung cancer entities from ctDNA,
respectively (Dataset EV 2 and EV 6 for the complete list of
mutations). We modified the wet-lab workflow for UltraSEEK®
panels for the use on single cells. Therefore, instead of one, we
performed two successive multiplex PCR reactions to generate a
sufficient amount of PCR products. Reaction mixes and PCR
cycling conditions are provided in Appendix Tables S2. For variant
detection the remainder default workflow was performed as
previously described (Mosko et al, 2016) consisting of
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depurination, single-base extension with biotinylated chain termi-
nator oligonucleotides specific to the mutant allele and capture by
streptavidin-coated magnetic beads. Liquid handling of the
captured extended oligonucleotides, transfer onto a SpectroCHIP®
Arrays and data acquisition by mass-spectrometry was automati-
cally performed with the MassARRAY® System (Agena Bioscience,
San Diego, USA) according to manufacturer’s instructions. Data
analysis was performed using Somatic Variant Caller (SVR)
software version 1.0.5 (Agena Bioscience, San Diego, USA).

Successful cellular lysis and amplification of gDNA was indicated by
the area value of process controls (internal assays specific to beta-actin
housekeeping gene). The threshold of the area was calculated from the
according values of lysis buffer samples (NTC) and corresponds to the
mean+10 SD (Dataset EV 2, 3, 6 and 7).

For successfully lysed and DNA-amplified cells, mutation calling
integrates two parameters related to the intensity (i.e., signal-to-noise
ratio (SNR) and normalized intensity (‘allele frequency’) from the SVR
output) of the peak observed at the expected molecular mass for the
mutant allele. SNR, which represents the ratio of the peak intensity of
the mutant allele to the intensity of the surrounding background, was
required to be above 10. Normalized intensity of mutant allele peak was
calculated from peak height values of the target signal and of 5 capture
controls (biotin-labeled, non-reactive oligonucleotides added to the
extension reaction to control streptavidin-bead capture and elution).
For the recovery experiments performed with cell lines processed
through CTC enrichment methods and for the patient CTCs, the
threshold of the normalized intensity was calculated from the
according values of leukocytes (41 and 19 leukocytes for the melanoma
and the lung UltraSEEK® Melanoma and Lung Panels, respectively)
and corresponds to the mean+10 SD (Dataset EV 2 and 6).

Experiments on single tumor cells and leukocytes were not
blinded to the researchers.

Plasma analysis and cfDNA extraction

Blood was collected into 7.5 ml EDTA tubes (S-Monovette® 7.5 ml
Sarstedt, Germany) and centrifuged twice (10 min at 300 × g,
followed by 10 min at 1800 × g) to isolate plasma within 2 h after
the blood draw. Plasma was stored at −80 °C until extraction.
CfDNA was extracted from 4ml of plasma using the QIAamp
Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany) according
to manufacturer’s instructions and stored at −80 °C until
quantification and quality assessment. CfDNA was quantified
using Qubit Fluorometer 2.0 (Thermo Fisher). The quality
(assessment of the cfDNA amount coming from the white blood
cell contamination) was assessed by the LiquidIQ® Panel (Agena
Bioscience, San Diego, CA, USA) according to manufacturer’s
instructions (Lamy et al, 2020). The optimal amount of cfDNA
input used in the UltraSEEK® Melanoma assay was optimized
according to the Qubit fluorometer concentration.

ctDNA analysis with UltraSEEK® Melanoma assay

The UltraSEEK® Melanoma assay for ctDNA was already described
(Gray et al, 2019). 12–15 ng of cfDNA was used to perform the PCR
reaction according to manufacturer’s instructions (Agena
Bioscience, San Diego, CA, USA). Briefly, 12 to 15 ng of cfDNA
were incubated in a Labcycler (Sensoquest, Germany) initially at
95 °C for 2 min, followed by forty-five cycles of PCR (95 °C for 30 s,

56 °C for 30 s, and 72 °C for 1 min). The initial PCR was finalized
by incubation of 5 min at 72 °C. The resulting products were
subjected to shrimp alkaline phosphatase treatment for 40 min at
37 °C and to denaturation for 5 min at 85 °C. Next, single-base
extension with biotinylated chain terminator nucleotides specific to
the mutant allele was performed at 95 °C for 30 s, followed by 40
cycles at 94 °C for 5 s with five nested cycles (of 52 °C for 5 s and
80 °C for 5 s) and a final incubation at 72 °C for 3 min. The single-
base extended oligonucleotides were captured by streptavidin-
coated magnetic beads and subsequently pelleted using a magnet
and re-suspended in 13 μl of biotin competition solution, which
was then incubated at 90 °C for 5 min. Finally, the extension
products were transferred into the MassARRAY® System for
automated sample handling including desalting with anion
exchange resin, dispensing analytes onto the SpectroCHIP® Array
(Agena Bioscience, San Diego, CA, USA) and data acquisition via
MALDI-TOF mass spectrometry, as described by Mosko et al, 2016.
Data analysis was performed using MassARRAY® Typer Analyzer
software version 5.0 (Agena Bioscience) as well as the automated
Somatic Variant Report (SVR) software version 1.2 (Agena
Bioscience) with plugin for the UltraSEEK® Melanoma Panel v2.0.

Tissue analysis with Agena protocol

Tumorous regions on the histopathological slides were identified by
an experienced scientist (Ronald Simon, UKE). Tumor DNA was
isolated with the QIAamp DNA FFPE Tissue Kit. 15 ng of tumor
DNA per sample were treated identically to the ctDNA samples
(see above).

Statistical analysis

Data was described using usual descriptive statistics. Continuous
variables were summarized by median and range (min-max) and
qualitative variables by frequencies and percentages. Comparisons of
continuous variables between groups were performed using Kruskal-
Wallis test and correlation between continuous variables was measured
using Spearman coefficient. The concordance between tumor tissue and
each analyte (CTC or ctDNA from blood sample before treatment
initiation) were evaluated by patient with the rate of concordance and
its 95% confidence interval (CI) on the basis of an exact binomial
distribution. The concordance between CTCs and ctDNA was evaluated
by blood sample and comparison between the number of mutations
detected between both was performed using the Wilcoxon signed-rank
test for paired data. Overall survival (OS) and progression-free survival
(PFS) were calculated from immunotherapy initiation and estimated by
the Kaplan–Meier method in patients treated with immunotherapy and
with a sample available before treatment initiation. The associations
between continuous variables and survival endpoints (OS and PFS)
were assessed using the Cox proportional hazard model.

All statistical tests were two-sided, and a p value < 0.05 was
considered to be statistically significant. Statistical analyses were
carried out using Stata Statistical Software version 16 (College
Station, TX, StataCorp LLC).

Whole genome amplification of breast cancer CTCs

Breast cancer CTCs were isolated using the DEPArray™ system as
described above. Six single CTCs were used for WGA, using the
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Ampli1™ WGA Kit (Menarini Silicon Biosystems), following the
manufacturer’s instructions. Using the Ampli1™ QC Kit (Menarini
Silicon Biosystems), following the manufacturer’s instructions, the
quality of the WGA product was assessed to decide whether it could be
used for sequencing. 2/6 cells showed 4/4 PCR bands, as evaluated on
a 2% agarose gel, indicating good DNA quality of the WGA product.
Its concentration was determined using the Qubit™ 1X dsDNA High
Sensitivity Kit (Thermo Fisher Scientific, Dreieich, Germany).

Targeted sequencing of breast cancer CTC derived
WGA product

20 ng of the WGA product of the 2 breast cancer CTCs showing high
DNA quality were used for preamplification of the region of interest by
PCR with the following primers: Fw: GGGAAAATGACAAAGAA-
CAGCTC; Rev: CATTTTAGCACTTACCTGTGAC. The PCR pro-
duct was separated on a 2% agarose gel and bands of appropriate size
were cut out. Isolation of the DNA from the agarose gel was performed
using the NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel,
Düren, Germany), following the manufacturer’s instructions. After
determination of the DNA concentration using the Qubit™ 1X dsDNA
High Sensitivity Kit, 50 ng of the PCR product were used to prepare the
Sanger sequencing, using the BigDye™ Terminator v1.1 Cycle
Sequencing Kit (Thermo Fisher Scientific, Dreieich, Germany).
Following the sequencing reaction, the DNA was precipitated by the
addition of 2.5-fold volume of abs. ethanol and 0.1-fold volume of 3M
sodium acetate. After centrifugation at 25,000 × g for 30min at RT, the
supernatant was discarded. The DNA pellets were washed with 125 µl
of 70% ethanol and centrifuged again at 25,000 × g for 20min at RT.
The supernatant was removed and the pellets air-dried at RT. The
dried pellets were subjected to Sanger sequencing after re-constitution.

For more information

www.elbs.eu
www.uke.de/english/departments-institutes/institutes/tumor-
biology/index.html
www.eumelareg.org.
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information on the tumor lesion(s) in an individual patient and refers to
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Results
Here, we successfully developed a new, simplified method to interrogate
clinically actionable alterations in individual circulating tumor cells
(CTCs) present in peripheral blood of cancer patients as potential pre-
cursors of distant metastases. As proof-of-concept, we analyzed CTCs
primarily from metastatic melanoma patients in comparison to circulat-
ing cell-free DNA fragments released from tumors (ctDNA) and the
corresponding tumor tissue. The results obtained on CTCs provided
additional information not obtained by ctDNA and tumor tissue analysis.

Impact
Our results demonstrate the feasibility of our simplified protocol and
uncover a potential added value of CTC analysis in detecting genomic
information relevant to the development of cancer metastasis.
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Expanded View Figures

Figure EV1. Mutation detection at the single cell level with the UltraSEEK Melanoma Panel.

(A) The UltraSEEK® Melanoma Panel was tested on 5 mutations (certain mutations are detected by 2 different assays in the same panel) with our modified protocol on
individual cells from melanoma tumor cell lines not chemically preserved. The number of cells with successful mutation detection over the number of efficiently lysed cells
is mentioned. Created with BioRender.com. (B) Normalized intensity and signal to noise ratio (SNR) values obtained for each PCR assay for gDNA tested at 6.6 pg input in
duplicate, not chemically preserved single cells and ‘Parsortix’ processed single cells. The horizontal line represents the threshold value of SNR (set to 10) and of the
normalized intensity calculated on leukocytes. For MAP2K1 P124S_f2, only non-fixed single cells data are displayed due to the positive signal observed on one leukocyte
that led to excluding this assay from further analysis. Source data are available online for this figure.
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Figure EV2. Melanoma CTC enrichment with Parsortix® workflow.

(A) Cell recovery rate for different melanoma cell lines. Recovery rate was calculated from spiking 30 melanoma cells into blood of healthy donors. Each dot represents
one technical replicate, bar height represents the mean of recovery rate and error bars Standard Deviation. (B) Illustration of melanoma CTCs found in patients. CTCs were
defined as nucleated elements (DRAQ5 positive) either MCAM/NG2-positive and/or Melanoma-marker/S100B-positive but CD45/CD16-negative cells. Source data are
available online for this figure.
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Figure EV3. Mutation detection at the single cell level with the UltraSEEK® Lung Panel.

(A) The UltraSEEK® Lung Panel was tested on 2 EGFR mutations and 2 PI3KCA mutations with our modified protocol on individual cells from lung (H1975) or breast tumor
cell lines (MCF7 and T47D) not chemically preserved. The number of cells with successful mutation detection over the number of efficiently lysed cells is mentioned.
(B) The UltraSEEK® Lung Panel was tested on the 2 EGFR mutations with our modified protocol on individual cells from lung tumor cell lines processed with Parsortix®

enrichment method. The number of cells with successful mutation detection over the number of efficiently lysed cells is mentioned. (C) Normalized intensity and signal-to-
noise ratio (SNR) values obtained for each PCR assay for gDNA tested at 6.6 pg input in duplicate, not chemically preserved single cells and ‘Parsortix’ processed single
cells. Source data are available online for this figure.
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Figure EV4. Normalized intensity and SNR values for the mutations detected among CTC processed with the CellSearch® enrichment method.

For each assay, the horizontal line represents the threshold value of SNR (set to 10 according to manufacturer’s recommendation) and of the normalized intensity
calculated on leukocytes. (A) Normalized intensity and SNR values for the mutations detected among CTC from patient MEL 21. (B) Normalized intensity and SNR values
for the mutations detected among CTCs from patient MEL 31. (C) Normalized intensity and SNR values for the PI3KCA E545K mutation detected among breast tumor cell
lines and CTC from breast cancer patient. Source data are available online for this figure.
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Figure EV5. Comparison of turnaround times of UltraSEEK®-adapted protocol and “standard” protocol to analyze hotspots mutations from single CTCs.

*Duration of the protocol for WGA is dependent on WGA technologies. We included cell lysis that is also necessary into WGA protocol global time. We chose to compare
the UltraSEEK®-adapted protocol to WGA and next-generation sequencing (NGS) as it appears for us that NGS was the most adequate technology to analyze in parallel
multiple hotspot mutations. Created using BioRender.com.

EMBO Molecular Medicine Mark Sementsov et al

1578 EMBO Molecular Medicine Volume 16 | July 2024 | 1560 – 1578 © The Author(s)

D
ow

nloaded from
 https://w

w
w

.em
bopress.org on July 22, 2024 from

 IP 82.71.246.177.


	Mutation analysis in individual circulating tumor cells depicts intratumor heterogeneity in melanoma
	Introduction
	Results
	Mutation detection rate at the single cell level with the modified UltraSEEK® Melanoma protocol
	Mutation detection after CTC enrichment methods with the modified UltraSEEK® protocol
	CTC detection in the metastatic melanoma�cohort
	Mutational analysis of individual CTCs in melanoma patients
	Comparative mutational analysis of CTCs and ctDNA in melanoma patients
	Concordance level between liquid biopsy analytes and tumor�tissue
	Application of the modified UltraSEEK® protocol to other cancer entities and other CTC enrichment methods

	Discussion
	Methods
	Patient�cohort
	Tumor cell lines and culture
	Spiking of healthy donor blood with tumor cell line�cells
	CTC enrichment methods
	Melanoma CTC immunofluorescence identification�assay
	Single-cell micromanipulation
	DEPArray™ isolation
	Single-cell�lysis
	UltraSEEK® Melanoma and Lung Panels on single�cells
	Plasma analysis and cfDNA extraction
	ctDNA analysis with UltraSEEK® Melanoma�assay
	Tissue analysis with Agena protocol
	Statistical analysis
	Whole genome amplification of breast cancer�CTCs
	Targeted sequencing of breast cancer CTC derived WGA product
	For more information

	Data availability
	References
	The paper explained
	Acknowledgements
	Author contributions
	Funding

	ACKNOWLEDGMENTS




