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Abstract: Angiosarcoma is a rare and aggressive type of soft-tissue sarcoma with high propensity to
metastasize. For patients with metastatic angiosarcoma, prognosis is dismal and treatment options
are limited. To improve the outcomes, identifying patients with poor treatment response at an earlier
stage is imperative, enabling alternative therapy. Consequently, there is a need for improved methods
and biomarkers for treatment monitoring. Quantification of circulating tumor-DNA (ctDNA) is a
promising approach for patient-specific monitoring of treatment response. In this case report, we
demonstrate that quantification of ctDNA using SiMSen-Seq was successfully utilized to monitor
a patient with metastatic angiosarcoma. By quantifying ctDNA levels using 25 patient-specific
mutations in blood plasma throughout surgery and palliative chemotherapy, we predicted the
outcome and monitored the clinical response to treatment. This was accomplished despite the
additional complexity of the patient having a synchronous breast cancer. The levels of ctDNA
showed a superior correlation to the clinical outcome compared with the radiological evaluations.
Our data propose a promising approach for personalized biomarker analysis to monitor treatment
in angiosarcomas, with potential applicability to other cancers and for patients with synchronous
malignancies.

Keywords: circulating tumor DNA; liquid biopsy; sarcoma; angiosarcoma; treatment monitoring;
personalized medicine

1. Introduction

Angiosarcoma is an aggressive soft-tissue sarcoma of vascular origin that constitutes
approximately 2% of all soft-tissue sarcomas [1]. It exhibits a high propensity for metas-
tasis, commonly to the lungs and, to a lesser extent, to other soft-tissue compartments,
viscera and bones [2]. The prognosis is consequently dismal with a 30–40% 5-year survival
rate [3,4]. Known risk factors to develop angiosarcomas include chronic lymphedema,
previous radiation therapy and long-term exposure to certain toxins, such as vinyl chloride
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and arsenic [5–8]. Hereditary conditions including Neurofibromatosis type 1, Maffucci
syndrome, Klippel–Trénaunay syndrome and BRCA1/2-mutations are also associated with
an increased risk [9,10].

Angiosarcoma can be subdivided into cutaneous angiosarcoma and angiosarcoma
of soft tissues [2]. Cutaneous angiosarcoma typically manifests as expanding purple skin
papules, while angiosarcoma of soft tissues presents as expanding masses at the respective
site of origin. Histologically, angiosarcoma displays multinodular hemorrhagic masses
with atypical epithelioid or spindle cells, featuring high mitotic activity. The neoplastic cells
form irregular, primitive vascular channels, infiltrating the surrounding tissues. Vascular
markers, such as CD31, CD34 and ERG, are often highly expressed and may be used
in diagnosis [2]. Angiosarcomas harbor multiple genomic alterations, with recurrent
mutations in TP53, CDKN2A, MYC and genes involved in MAPK signaling [11].

Localized angiosarcoma is treated with surgical resection, aiming for a wide re-
section margin. The benefit of adjuvant therapy is uncertain, but many patients re-
ceive chemotherapy, sometimes combined with radiation therapy, based on national
guidelines [3]. Metastatic angiosarcoma is primarily treated with chemotherapy, where
anthracycline- or taxane-based regimens are most commonly used [12]. Different inhibitors
of tyrosine kinase receptors or ligands have been tested in clinical trials with modest ef-
fects [13–15], while immune checkpoint inhibitors using PD-1 and CTLA-4 inhibitors have
shown more promising effects [16].

Monitoring of angiosarcoma relies primarily on clinical and radiological evaluations
without any well-established blood-based marker in use for treatment efficacy monitoring.
Lactate dehydrogenase (LDH) serves as a non-specific cancer marker that is often elevated
with increased tumor burden [17]. LDH quantification for treatment monitoring in sar-
comas is sporadically conducted at certain centers according to local clinical guidelines.
Additionally, quantification of albumin levels in blood plasma is performed as a general
indicator of nutritional and disease status, typically showing a decline in cancer patients
with progressive disease [18]. However, both LDH and albumin possess limited sensitivity
and specificity, rendering them unsuitable for routine treatment monitoring of sarcomas.

The detection and quantification of circulating tumor DNA (ctDNA) in blood plasma
present a promising method for treatment monitoring in patients with solid tumors. Nev-
ertheless, few studies focused on angiosarcoma have been published to our knowledge.
In a study by Tanaka et al., ctDNA was successfully identified in four out of five patients
with metastatic angiosarcoma using a generic ctDNA panel targeting recurrent cancer mu-
tations [19]. In one patient, longitudinal quantification of three patient-specific mutations
using digital PCR displayed a correlation between ctDNA levels and clinical outcome. The
limitations with this approach are that few mutations can be detected with generic panels
and that digital PCR can only assess a few patient-specific mutations [20]. An alternative
approach is to identify patient-specific mutations in tumor tissue by whole-exome sequenc-
ing at diagnosis. Based on these mutations, personalized ctDNA panels are then designed
to monitor patients over time [21]. SiMSen-Seq is an ultrasensitive sequencing technique
that is suitable for personalized ctDNA analysis, enabling the detection of less than 0.1%
variant allele frequencies [22]. Previous studies have demonstrated the effectiveness of
SiMSen-Seq in monitoring treatment responses in cancer patients [23–26].

Illustrated by this case, we demonstrate how personalized ctDNA analysis can be uti-
lized to monitor treatment response and predict the outcome in a patient with synchronous
metastatic angiosarcoma and metastatic breast cancer.

2. Case Presentation

In July 2019, an 83-year-old woman with a history of metastatic breast cancer, dis-
playing long-term stable disease on endocrine therapy, underwent assessment at Sahlgren-
ska University hospital. She had a progressively enlarging cutaneous mass in the right
axilla/humerus that had developed over six weeks (Figure 1A). Initially diagnosed as
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erysipelas, the persistence of the mass despite multiple antibiotic treatments prompted a
biopsy, revealing a high-grade angiosarcoma.
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Figure 1. Clinical overview. (A) Photo of the primary tumor before resection (day 0). (B) Histological 
section of the primary tumor. High-grade angiosarcoma with primitive vasoformative pattern. Mitotic 
figures are abundant. Scale bar 100 µm. (C) Photo of the arm after the first recurrence (day 44). (D) 
Radiological evaluations. For day 204 and day 231, multiple examinations were performed. Metastases 

Figure 1. Clinical overview. (A) Photo of the primary tumor before resection (day 0). (B) Histological
section of the primary tumor. High-grade angiosarcoma with primitive vasoformative pattern. Mitotic
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figures are abundant. Scale bar 100 µm. (C) Photo of the arm after the first recurrence (day 44).
(D) Radiological evaluations. For day 204 and day 231, multiple examinations were performed.
Metastases are indicated by red arrows. Pleural effusion is indicated by blue arrows. (E) Bone
metastasis of high-grade angiosarcoma. Insert shows ERG immunohistochemistry of the same
metastasis. Scale bar 100 µm. (F) Overview of the clinical course, displaying treatments, radiological
evaluations, when blood samples were collected for the SARKOMTEST-study and when tumor tissue
was collected. PD, progressive disease; SD, stable disease; CR, complete remission; PREOP2, blood
sample collected the day before the second surgery; POSTOP2, blood sample collected the day after
the second surgery; P1–P6, blood samples collected before each cycle of palliative chemotherapy; RT,
blood sample collected the day before initiation of radiation therapy; RT-1, blood sample collected
the day after initiation of radiation therapy; RX, resection; PX, tumor biopsy. The dagger (†) indicates
when the patient deceased.

The patient underwent surgery for the tumor, involving extensive tumor excision
and a split-thickness skin graft. She recovered swiftly after surgery and showed good
performance status at the first follow-up after surgery. Pathological analysis of the resection
specimen revealed a non-radically excised high-grade angiosarcoma with a maximum
diameter of 155 mm (Figure 1B). The patient was admitted for adjuvant chemotherapy,
but before any treatment was initiated, the patient experienced a local tumor recurrence
in the skin graft and multiple cutaneous satellite metastases proximally and distally to
the resection margin (Figure 1C). Consequently, an interscapular–thoracic amputation of
the right arm was performed. The patient was again admitted to adjuvant chemotherapy,
but before the initiation of the treatment, she was hospitalized for pneumonia. A lung
computed tomography (CT) scan was performed that revealed multiple lung metastases
(Figure 1D, day 88). Following recovery from the pneumonia, palliative chemotherapy with
paclitaxel was initiated, which was tolerated with no severe side effects. After five cycles of
chemotherapy, a surprising complete regression of the lung metastases was observed on a
lung CT scan (Figure 1D, day 204).

Following the sixth cycle of chemotherapy, the patient required a treatment respite
due to fatigue. A three-month treatment cessation followed by radiological evaluation
was planned. However, one month after the last cycle of chemotherapy, the patient was
hospitalized due to cauda equina syndrome. A whole-spine magnetic resonance imaging
displayed new metastases in cervical, lumbar and sacral vertebrae with a spinal canal
obliteration in the sacrum. A lung CT scan was performed, which indicated bilateral
pleural effusion and multiple new lung metastases (Figure 1D, day 231). A biopsy from a
metastatic lesion in a thoracic vertebra initially indicated a relapse of breast cancer but was
later confirmed as an angiosarcoma relapse after immunohistochemical staining (Figure 1E).
Palliative radiotherapy to the L5-S1 vertebrae was administered, but the patient succumbed
to the disease only three weeks later.

Before the second surgery, the patient was included in the SARKOMTEST-study, a
study exploring the potential value of blood-based markers, especially ctDNA, for mon-
itoring treatment efficacy in patients diagnosed with sarcoma. Blood plasma collected
before and after the second surgery, at each chemotherapy cycle and during follow-up
was stored for retrospective ctDNA analysis (Figure 1F). Whole-exome sequencing of the
primary tumor from the first surgery was performed and gene-set enrichment analysis
of the 500 mutations with the highest variant allele frequencies displayed genes involved
in metastasis, epithelial–mesenchymal transition, UV radiation response and neurogen-
esis (Supplementary Table S1). Twenty-five patient-specific mutations with high allele
frequencies in the tumor tissue were selected for ctDNA monitoring using SiMSen-Seq
(Supplementary Table S2A). The selected genes belonged to several different gene-set
enrichments (Supplementary Table S2B).

All patient-specific mutations were detectable in blood plasma before the second
surgery and their levels showed no post-surgical decrease. On the contrary, the levels
were 3.8-fold higher after surgery, suggesting an alternative source of ctDNA, possibly



Int. J. Mol. Sci. 2024, 25, 4023 5 of 12

pre-existing metastases (Figure 2A, Supplementary Figure S1A). The ctDNA levels had
increased further at initiation of palliative chemotherapy and remained detectable during
all chemotherapy cycles, even when the radiological evaluation indicated a complete
response (Figure 2A, Supplementary Figure S1A). Before the initiation of radiation therapy,
the ctDNA levels increased even further, consistent with radiological evidence of tumor
progression. Interestingly, one day after the radiation therapy, the ctDNA levels displayed
a 2.6-fold increase. (Figure 2A, Supplementary Figure S1A). We then analyzed the number
of ctDNA mutations that increased or decreased over time and found a predominance
of escalating dynamics at all time points, except between chemotherapy cycles 2–4. At
chemotherapy cycle 3, the levels of all mutations temporarily decreased (Figure 2B), with
an average 20 % decrease compared to chemotherapy cycle 1 (Supplementary Figure S1A).

The ctDNA level is often reported as variant allele frequency, which is the ratio
between mutated ctDNA molecules and total cell-free DNA molecules (Figure 2C, Sup-
plementary Figure S1B). This estimate compensates for technical errors when handling
different samples. However, the levels of wildtype molecules in plasma are not constant
and may change due to several physiological factors, such as infection and exercise, which
will confound the frequency [27,28]. Here, the level of total cell-free DNA changed over
time, with a 9.2-fold increase from the first and lowest to the last and highest time point.
A 3-fold increase in cell-free DNA was observed both the day after surgery and the day
after initiation of radiation therapy (Figure 2D). The alternative strategy is to report ctDNA
levels as the number of ctDNA molecules per ml of plasma. This approach will not be
affected by variations in the number of wildtype molecules. For this patient, ctDNA levels
reported as mutant molecules per ml of plasma correlated better to the clinical outcome
than variant allele frequency. Interestingly, the total number of white blood cells for this
patient fluctuated 3.6-fold from the lowest to the highest value over time, which may have
contributed to the pool of wildtype molecules and impacted the variant allele frequency
data (Figure 2E).

The clinical routine markers LDH and albumin were also assessed over time (Fig-
ure 2F). LDH levels were assessed at two time points, prior to the second surgery and after
the completion of radiation therapy. At both time points, the LDH levels were elevated;
however, no dynamic indicative of tumor progression was observed. Albumin levels were
assessed during the entire treatment period, revealing pathologically low levels at all time
points. However, rapid decreases in albumin levels were observed following surgery and a
couple of days before the patient’s death.

Finally, we investigated whether the mutations with the highest variant allele fre-
quency in the tumor tissue also exhibited the most ctDNA molecules in plasma. Minimal
correlation was observed between mutations with high frequency in tissue and the numbers
of ctDNA molecules. In plasma, we detected high heterogeneity, but the mutations with
the highest counts per ml of plasma prior to the second surgery, HSPG2, SLC22A15 and
LIMCH1, remained the highest expressed over time (Figure 3).



Int. J. Mol. Sci. 2024, 25, 4023 6 of 12Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 6 of 13 
 

 

 

Figure 2. Blood-based markers over time. (A) The levels of ctDNA expressed as number of molecules
per ml of plasma. In total, 25 different mutations were assessed. Treatments and radiological evaluations
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displayed at the top. On the right, a magnified view of the second surgery, spanning from day 46
to day 52. (B) Number of mutations that increase or decrease their levels in plasma compared with
the previous time point. (C) The levels of ctDNA expressed as variant allele frequency (VAF). On
the right, a magnified view of the second surgery, spanning from day 46 to day 52. The colors of
each mutation in Figure 2A,C are identical. Each line corresponds to a specific gene. (D) Level of
cell-free DNA (cfDNA) after plasma extraction. (E) The numbers of white blood cells (WBC) over
time. Dotted blue line indicates lower limit of normal, while dotted red line indicates upper limit
of normal. (F) The levels of LDH and albumin over time. Dotted red line indicates upper limit for
normal LDH levels, while dotted black line indicates lower limit for normal albumin levels. PD,
progressive disease; SD, Stable disease; CR, complete remission. The dagger (†) indicates when the
patient deceased.
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This case highlights an interesting clinical course of a patient with metastatic angiosar-

coma, demonstrating an initially remarkable radiological response to palliative chemother-
apy. Regrettably, a swift relapse occurred following the discontinuation of treatment. The 
rapid disease progression after tumor recurrence aligns with the characteristic behavior of 
highly malignant tumors, such as angiosarcomas, underscoring the need for improved tools 
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Figure 3. Tumor heterogeneity. A heat map displaying ctDNA heterogeneity in plasma. The mutations
are ordered based on variant allele frequency in the tumor tissue, with the highest frequency ranked
as number one. The mutations in the plasma samples are then ranked for each time point based
on number of molecules per ml of plasma. Note that tumor tissue data are based on variant allele
frequency since whole-exome sequencing only provides frequencies. PREOP2, blood sample collected
the day before the second surgery; POSTOP2, blood sample collected the day after the second surgery;
P1–P6, blood samples collected before each cycle of palliative chemotherapy; RT, blood sample
collected the day before initiation of radiation therapy; RT-1, blood sample collected the day after
initiation of radiation therapy.
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3. Discussion

This case highlights an interesting clinical course of a patient with metastatic angiosar-
coma, demonstrating an initially remarkable radiological response to palliative chemother-
apy. Regrettably, a swift relapse occurred following the discontinuation of treatment. The
rapid disease progression after tumor recurrence aligns with the characteristic behavior
of highly malignant tumors, such as angiosarcomas, underscoring the need for improved
tools for early detection of disease progression and more effective therapeutic options.

Angiosarcomas often develop secondary to radiation therapy [5]. This patient had
a history of radiation therapy administered to the right chest wall and axilla following a
breast cancer, albeit slightly proximal to the origin of the angiosarcoma. Whether this was
a radiation-induced angiosarcoma or not remains elusive. However, gene-set enrichment
analysis of the mutated genes displayed UV-irradiated targets among the enriched gene
sets, which aligns with the characteristics of a radiation-induced malignancy. It is possible
that low doses of radiation impacted parts of the upper arm, either through scattered
radiation or potential mispositioning of the arm during radiotherapy sessions.

Moreover, this case demonstrates the utility of treatment monitoring through quantifi-
cation of ctDNA in blood plasma and its advantages to radiological evaluations and other
blood-based markers like LDH and albumin. Despite extensive surgery, the ctDNA levels
did not diminish, suggesting the presence of a residual subclinical tumor, contributing to
the ctDNA pool, which was later radiologically confirmed. It is noteworthy that the ctDNA
levels were in fact higher the day after surgery. This could be attributed to an increased
secretion of ctDNA from a non-radically excised tumor lesion or by tumor cell death as
a result of tissue ischemia during surgery. Decreased ctDNA clearance resulting from a
temporal decline in renal function linked with hypovolemia after surgery may also have
had an impact. Notably, the level of total cell-free DNA increased after surgery. At this time
point, ctDNA only constituted a smaller part of the total cell-free DNA, indicating a major
contribution of cell-free DNA from non-tumor cells. On the contrary, the rapid increase in
cell-free DNA the day after radiation therapy was partly driven by an increase in ctDNA,
supported by the high variant allele frequency of ctDNA.

Throughout palliative chemotherapy, ctDNA levels remained detectable, despite a
radiologically confirmed complete tumor response. We cannot determine if the released
ctDNA was due to tumor progression or the treatment. However, the swift relapse fol-
lowing the cessation of chemotherapy implies the existence of remaining metastases that
rapidly progressed once the chemotherapy was discontinued. It is possible that these
metastases were too small to be detected with a CT scan or located in an area that was
not captured by the radiological evaluation. Employing alternative imaging modalities,
such as magnetic resonance imaging or positron-emission tomography, for radiological
monitoring may have facilitated disease tracking, enabling the observation of progression
at an earlier stage. However, these modalities are time consuming, expensive and may
necessitate extensive preparations from the patient. In contrast, ctDNA analysis offers
a cost-effective, easily performed and minimally discomforting alternative for treatment
efficacy monitoring.

At the time of radiological recurrence, the high ctDNA level strongly indicated an
angiosarcoma relapse rather than a recurrence of breast cancer since patient-specific muta-
tions from the angiosarcoma were detected. Although the impact of ctDNA dynamics on
treatment decisions and outcome in this case remains uncertain, it is possible that the addi-
tional insight derived from the ctDNA data could have influenced the decision to perform
a tumor biopsy of the vertebra. Biopsies are associated with risk and distress, particularly
for patients with low performance status, severe symptoms or undergoing anticoagulant
treatment. Opting not to conduct a tumor biopsy for this patient would likely have been
correlated with an enhanced quality of life and an earlier referral to palliative care.

The potential for treatment monitoring using our approach opens up new avenues for
clinical decision making. Implementing this method in a real-time setting enables the eval-
uation of treatment responses after short-term interventions, eliminating the need to wait
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for a standard radiological follow-up, typically conducted three months into treatment. A
real-time evaluation could prove instrumental in tailoring treatment strategies for patients,
especially in the context of clinical trials focused on rare tumor entities like angiosarcomas,
with limited treatment options. It is imperative to emphasize that the sensitivity and
specificity of ctDNA detection using SiMSen-Seq requires further evaluation, particularly
in patients with lower metastatic tumor burden, localized disease, or slow-growing tumor
entities. Additionally, the optimal number of mutations for ctDNA monitoring using
SiMSen-Seq requires additional studies. In this case, we used 25 patient-specific mutations
to enhance the sensitivity to detect ctDNA, observe increases and decreases in ctDNA levels,
and minimize the risk of confounding data due to tumor heterogeneity. Interestingly, minor
correlations were observed between the mutations with a high frequency in the tumor tissue
compared with liquid biopsy, underscoring the difficulty of choosing an optimal mutation
candidate or determining the appropriate number of mutations for ctDNA monitoring.
To gain deeper insight into the tumor heterogeneity, it would have been interesting to
sequence the local tumor recurrence and the biopsy from the bone metastasis as well as the
original breast cancer. This may have provided information about clonal expansions across
different anatomical sites and tumor entities. Based on our data, we cannot exclude the
possibility that the patient had a simultaneous progression of the breast cancer, which was
not histologically confirmed. Detailed ctDNA monitoring using patient-specific mutations
from the different tumor locations may have been even more informative.

In conclusion, ctDNA quantification using a patient-specific mutation panel displayed
potential for improved treatment monitoring of cancer patients. In this case, the additional
data derived from ctDNA quantification provided early insights into the surgical outcome,
improved treatment monitoring compared to radiological evaluations during palliative
chemotherapy and facilitated the monitoring of one specific tumor entity in a patient
with two synchronous cancers. Further research is warranted to refine and optimize this
approach for use in clinical routine applications.

4. Materials and Methods
4.1. Blood Sample Collection

The patient participated in the SARKOMTEST-study and signed an informed consent
form. This study was approved by the Regional Ethical Review Board in Gothenburg
(485-16, T-795-15, T525-18 and 2021-04895). Plasma was isolated within 2 h from blood
collected in EDTA tubes, with centrifugation at 2000× g for 10 min. Plasma and buffy coat
were stored at −80 ◦C. Blood samples for quantification of WBC, LDH and albumin were
collected and analyzed in clinical routine. All radiological assessments were performed
according to clinical routine.

4.2. Whole-Exome Sequencing

Tumor DNA was extracted from formalin-fixed paraffin-embedded material using
GeneRead FFPE DNA kit (Qiagen, Hilden, Germany) and DNA was extracted from buffy
coat using a QIAamp DNA Blood Mini Kit (Qiagen). Sequencing was performed by the
SNP&SEQ Technology Platform in Uppsala.

Raw fastq-files were used as input to the Sarek pipeline [29] in somatic variant call-
ing mode where the tumor sample was matched to the corresponding buffy coat DNA
sample. The Sarek pipeline aligned the reads to the hg19 reference genome and identi-
fied single-nucleotide variants, insertions and deletions using Mutect2 [30], Strelka2 [31]
and Freebayes [32] for somatic variant calling. High-confidence exonic variants that were
identified by all three callers were used for downstream analysis.

4.3. Digital ctDNA Sequencing

Circulating cell-free DNA was extracted from blood plasma with the QIAsymphony
system using QIAsymphony DSP Circulating DNA Kit (Qiagen), according to the man-
ufacturer’s instructions. The concentration of cell-free DNA was quantified with Qubit
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3.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). SiMSen-Seq was used
to analyze circulating cell-free DNA as described [33] with some adjustments. First, we
designed a SiMSen-Seq panel targeting 25 mutations with high variant allele frequency,
based on the exome sequencing data. Then, libraries for sequencing were generated using
SiMSen-Seq. SiMSen-Seq consists of two sequential PCR steps. In the first step, each target
molecule is barcoded with a unique molecular identifier. In the second step, targeted and
barcoded molecules are amplified with indexed Illumina adapters. Library quality was
assessed with a 5200 Fragment Analyzer System with the HS NGS Fragment Kit (both
Agilent technologies, Santa Clara, CA, USA) according to the manufacturer’s instructions.
The libraries were then pooled and purified with the Pippin Prep DNA Size Selection
System using the 2% Agarose kit (both Sage Science, Beverly, MA, USA). Sequencing was
performed on the MiniSeq Sequencing System using 20% PhiX control v3 and High Output
Reagent Kit (both Illumina, San Diego, CA, USA) in single-end 150 bp mode. Sequencing
data was processed using the UMIErrorCorrect pipeline [34]. A minimum of three reads
per unique molecular identifier was applied to form consensus reads. Data are reported as
both mutated molecules per milliliter of plasma and variant allele frequencies.

4.4. Data Analysis

Gene-set enrichment analysis was performed using GenePattern 2.0 on the 500 muta-
tions with the highest variant allele frequency from the whole-exome sequencing of the
tumor tissue [35]. Figures were created using GraphPad prism 10.1.2 (GraphPad, San Diego,
CA, USA). The radiological response to treatment was evaluated according to RECIST 1.1.
All ctDNA values are shown in Supplementary Table S2C.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25074023/s1.

Author Contributions: Conceptualization, C.V. and A.S. (Anders Ståhlberg); Methodology, C.V.,
M.E., T.Ö., D.A., P.M. and A.S. (Anders Ståhlberg); Software, T.Ö.; Validation, M.E., T.Ö., D.A., P.M.,
H.F. and A.S. (Anders Ståhlberg); Formal Analysis, C.V., M.E., P.M., A.S. (Amanda Soomägi) and
A.S. (Anders Ståhlberg); Investigation, C.V., M.E., A.S. (Amanda Soomägi), C.M., D.W., H.F. and A.S.
(Anders Ståhlberg); Resources, C.V., C.M., D.W., H.F. and A.S. (Anders Ståhlberg); Data Curation,
M.E., T.Ö., D.A. and P.M.; Writing—Original Draft Preparation, C.V. and A.S. (Anders Ståhlberg);
Writing—Review and Editing, C.V., M.E., T.Ö., D.A., P.M., A.S. (Amanda Soomägi), C.M., D.W., H.F.
and A.S. (Anders Ståhlberg); Visualization, C.V., M.E. and A.S. (Anders Ståhlberg); Supervision, A.S.
(Anders Ståhlberg); Project Administration, C.V. and A.S. (Anders Ståhlberg); Funding Acquisition,
C.V. and A.S. (Anders Ståhlberg). All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by grants from the Swedish Cancer Society (22-2080 and 2023-003),
Swedish Childhood Cancer Foundation (2022-0030 and KF2023-0003), Assar Gabrielsson Research
Foundation, Johan Jansson Foundation for Cancer Research, Wilhelm and Martina Lundgren Founda-
tion for Scientific Research, Anna-Lisa and Bror Björnsson Foundation, the Sarcoma patient union
research fund, the memorial fund of Elvira Trané, Lions Cancer Fund West, the Foundation in memory
of Bernt Katina, Region Västra Götaland, Swedish Research council (2021-01008), Sweden’s Innova-
tion Agency (2020-04141), the Sjöberg Foundation, the Swedish state under the agreement between
the Swedish government and the county councils, and the ALF-agreement (965065 and 875751).

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Regional Ethical Review Board in Gothenburg (DNR 485-16—
approved 23 June 2016; DNR T-795-15—approved 15 September 2016; DNR T525-18—approved 5
June 2018 and DNR 2021-04895—approved 24 October 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available on request
from the corresponding author, C.V. The GDPR legislation requires us to protect the identity of the
participants, and the raw data cannot be publicly shared.

https://www.mdpi.com/article/10.3390/ijms25074023/s1
https://www.mdpi.com/article/10.3390/ijms25074023/s1


Int. J. Mol. Sci. 2024, 25, 4023 11 of 12

Acknowledgments: The authors extend their sincere appreciation to Christina Krångh Turesson and
Vivika Berlin at the Clinical Trail Unit at the department of Oncology for their outstanding support in
the collection and administration of the blood samples in the SARKOMTEST-study. This study was
conducted using professional biobank services from Biobank West and Biobank Sweden. We would
like to express our gratitude for their invaluable assistance in the preparation, storage and logistics of
all samples utilized in this study. Their contributions have played a crucial role in the success of our
research, and we are truly grateful for their dedication and expertise. We would like to express our
gratitude to the SNP&SEQ Technology platform in Uppsala, Sweden, which is part of the National
Genomics Infrastructure (NGI) Sweden and Science for Life Laboratory. The SNP&SEQ Platform is
also supported by the Swedish Research Council and the Knut and Alice Wallenberg Foundation.

Conflicts of Interest: A.S. declares stock ownership and is a board member in Tulebovaasta, Iscaff
Pharma and SiMSen Diagnostics. A.S. is co-inventor of the SiMSen-Seq technology that is patent
protected (U.S. Serial No 15/552,618). The remaining authors declare no conflicts of interest. The
funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in
the writing of the manuscript, or in the decision to publish the results.

References
1. Coindre, J.M.; Terrier, P.; Guillou, L.; Le Doussal, V.; Collin, F.; Ranchère, D.; Sastre, X.; Vilain, M.O.; Bonichon, F.; N’Guyen Bui, B.

Predictive value of grade for metastasis development in the main histologic types of adult soft tissue sarcomas: A study of 1240
patients from the French Federation of Cancer Centers Sarcoma Group. Cancer 2001, 91, 1914–1926. [CrossRef]

2. Fletcher, C.D.M. Pathology and Genetics of Tumours of Soft Tissue and Bone; World health Organization Classification of Tumours:
Geneva, Switzerland, 2002.

3. Fayette, J.; Martin, E.; Piperno-Neumann, S.; Le Cesne, A.; Robert, C.; Bonvalot, S.; Ranchère, D.; Pouillart, P.; Coindre, J.M.; Blay,
J.Y. Angiosarcomas, a heterogeneous group of sarcomas with specific behavior depending on primary site: A retrospective study
of 161 cases. Ann. Oncol. 2007, 18, 2030–2036. [CrossRef] [PubMed]

4. Fury, M.G.; Antonescu, C.R.; Van Zee, K.J.; Brennan, M.F.; Maki, R.G. A 14-year retrospective review of angiosarcoma: Clinical
characteristics, prognostic factors, and treatment outcomes with surgery and chemotherapy. Cancer J. 2005, 11, 241–247. [CrossRef]
[PubMed]

5. Huang, J.; Mackillop, W.J. Increased risk of soft tissue sarcoma after radiotherapy in women with breast carcinoma. Cancer 2001,
92, 172–180. [CrossRef]

6. Stewart, F.W.; Treves, N. Lymphangiosarcoma in postmastectomy lymphedema; a report of six cases in elephantiasis chirurgica.
Cancer 1948, 1, 64–81. [CrossRef] [PubMed]

7. Bosetti, C.; La Vecchia, C.; Lipworth, L.; McLaughlin, J.K. Occupational exposure to vinyl chloride and cancer risk: A review of
the epidemiologic literature. Eur. J. Cancer Prev. 2003, 12, 427–430. [CrossRef]

8. Ratnaike, R.N. Acute and chronic arsenic toxicity. Postgrad. Med. J. 2003, 79, 391–396. [CrossRef]
9. Weiss, S.W.; Goldblum, J.R.; Folpe, A.L. Enzinger and Weiss’s Soft Tissue Tumors, 5th ed.; Elsevier Health Sciences: Amsterdam, The

Netherlands, 2007.
10. West, J.G.; Weitzel, J.N.; Tao, M.L.; Carpenter, M.; West, J.E.; Fanning, C. BRCA mutations and the risk of angiosarcoma after

breast cancer treatment. Clin. Breast Cancer 2008, 8, 533–537. [CrossRef]
11. Murali, R.; Chandramohan, R.; Möller, I.; Scholz, S.L.; Berger, M.; Huberman, K.; Viale, A.; Pirun, M.; Socci, N.D.; Bouvier, N.;

et al. Targeted massively parallel sequencing of angiosarcomas reveals frequent activation of the mitogen activated protein kinase
pathway. Oncotarget 2015, 6, 36041–36052. [CrossRef]

12. Young, R.J.; Natukunda, A.; Litière, S.; Woll, P.J.; Wardelmann, E.; Van Der Graaf, W.T.A. First-line anthracycline-based
chemotherapy for angiosarcoma and other soft tissue sarcoma subtypes: Pooled analysis of eleven European Organisation for
Research and Treatment of Cancer Soft Tissue and Bone Sarcoma Group trials. Eur. J. Cancer 2014, 50, 3178–3186. [CrossRef]

13. Agulnik, M.; Yarber, J.L.; Okuno, S.H.; von Mehren, M.; Jovanovic, B.D.; Brockstein, B.E.; Evens, A.M.; Benjamin, R.S. An open-
label, multicenter, phase II study of bevacizumab for the treatment of angiosarcoma and epithelioid hemangioendotheliomas.
Ann. Oncol. 2013, 24, 257–263. [CrossRef] [PubMed]

14. Kollár, A.; Jones, R.L.; Stacchiotti, S.; Gelderblom, H.; Guida, M.; Grignani, G.; Steeghs, N.; Safwat, A.; Katz, D.; Duffaud, F.; et al.
Pazopanib in advanced vascular sarcomas: An EORTC Soft Tissue and Bone Sarcoma Group (STBSG) retrospective analysis. Acta
Oncol. 2017, 56, 88–92. [CrossRef] [PubMed]

15. Ray-Coquard, I.L.; Domont, J.; Tresch-Bruneel, E.; Bompas, E.; Cassier, P.A.; Mir, O.; Piperno-Neumann, S.; Italiano, A.; Chevreau,
C.; Cupissol, D.; et al. Paclitaxel given once per week with or without bevacizumab in patients with advanced angiosarcoma: A
randomized phase II trial. J. Clin. Oncol. 2015, 33, 2797–2802. [CrossRef] [PubMed]

16. Florou, V.; Rosenberg, A.E.; Wieder, E.; Komanduri, K.V.; Kolonias, D.; Uduman, M.; Castle, J.C.; Buell, J.S.; Trent, J.C.; Wilky, B.A.
Angiosarcoma patients treated with immune checkpoint inhibitors: A case series of seven patients from a single institution. J.
Immunother. Cancer 2019, 7, 213. [CrossRef] [PubMed]

https://doi.org/10.1002/1097-0142(20010515)91:10%3C1914::AID-CNCR1214%3E3.0.CO;2-3
https://doi.org/10.1093/annonc/mdm381
https://www.ncbi.nlm.nih.gov/pubmed/17974557
https://doi.org/10.1097/00130404-200505000-00011
https://www.ncbi.nlm.nih.gov/pubmed/16053668
https://doi.org/10.1002/1097-0142(20010701)92:1%3C172::AID-CNCR1306%3E3.0.CO;2-K
https://doi.org/10.1002/1097-0142(194805)1:1%3C64::AID-CNCR2820010105%3E3.0.CO;2-W
https://www.ncbi.nlm.nih.gov/pubmed/18867440
https://doi.org/10.1097/00008469-200310000-00012
https://doi.org/10.1136/pmj.79.933.391
https://doi.org/10.3816/CBC.2008.n.066
https://doi.org/10.18632/oncotarget.5936
https://doi.org/10.1016/j.ejca.2014.10.004
https://doi.org/10.1093/annonc/mds237
https://www.ncbi.nlm.nih.gov/pubmed/22910841
https://doi.org/10.1080/0284186X.2016.1234068
https://www.ncbi.nlm.nih.gov/pubmed/27838944
https://doi.org/10.1200/JCO.2015.60.8505
https://www.ncbi.nlm.nih.gov/pubmed/26215950
https://doi.org/10.1186/s40425-019-0689-7
https://www.ncbi.nlm.nih.gov/pubmed/31395100


Int. J. Mol. Sci. 2024, 25, 4023 12 of 12

17. Miao, P.; Sheng, S.; Sun, X.; Liu, J.; Huang, G. Lactate dehydrogenase A in cancer: A promising target for diagnosis and therapy.
IUBMB Life 2013, 65, 904–910. [CrossRef] [PubMed]

18. Guven, D.C.; Sahin, T.K.; Erul, E.; Rizzo, A.; Ricci, A.D.; Aksoy, S.; Yalcin, S. The association between albumin levels and survival
in patients treated with immune checkpoint inhibitors: A systematic review and meta-analysis. Front. Mol. Biosci. 2022, 9, 1039121.
[CrossRef] [PubMed]

19. Tanaka, K.; Myangat, T.M.; Sawamura, S.; Otsuka-Maeda, S.; Sakamoto, R.; Kanazawa-Yamada, S.; Kanemaru, H.; Makino, K.;
Aoi, J.; Kajihara, I.; et al. Genomic mutational profiling of circulating tumour DNA in metastatic angiosarcoma. J. Eur. Acad.
Dermatol. Venereol. 2021, 35, e293–e295. [CrossRef] [PubMed]

20. Moreno-Manuel, A.; Calabuig-Fariñas, S.; Obrador-Hevia, A.; Blasco, A.; Fernández-Díaz, A.; Sirera, R.; Camps, C.; Jantus-
Lewintre, E. dPCR application in liquid biopsies: Divide and conquer. Expert Rev. Mol. Diagn. 2021, 21, 3–15. [CrossRef]

21. Barnell, E.K.; Fisk, B.; Skidmore, Z.L.; Cotto, K.C.; Basu, A.; Anand, A.; Richters, M.M.; Luo, J.; Fronick, C.; Anurag, M.; et al.
Personalized ctDNA micro-panels can monitor and predict clinical outcomes for patients with triple-negative breast cancer. Sci.
Rep. 2022, 12, 17732. [CrossRef]

22. Stahlberg, A.; Krzyzanowski, P.M.; Jackson, J.B.; Egyud, M.; Stein, L.; Godfrey, T.E. Simple, multiplexed, PCR-based barcoding of
DNA enables sensitive mutation detection in liquid biopsies using sequencing. Nucleic Acids Res. 2016, 44, e105. [CrossRef]

23. Vannas, C.; Bjursten, S.; Filges, S.; Fagman, H.; Ståhlberg, A.; Levin, M. Dynamic ctDNA evaluation of a patient with BRAFV600E
metastatic melanoma demonstrates the utility of ctDNA for disease monitoring and tumor clonality analysis. Acta Oncol. 2020, 59,
1388–1392. [CrossRef] [PubMed]

24. Moser, T.; Waldispuehl-Geigl, J.; Belic, J.; Weber, S.; Zhou, Q.; Hasenleithner, S.O.; Graf, R.; Terzic, J.A.; Posch, F.; Sill, H.; et al.
On-treatment measurements of circulating tumor DNA during FOLFOX therapy in patients with colorectal cancer. NPJ Precis.
Oncol. 2020, 4, 30. [CrossRef] [PubMed]

25. Zhou, Q.; Gampenrieder, S.P.; Frantal, S.; Rinnerthaler, G.; Singer, C.F.; Egle, D.; Pfeiler, G.; Bartsch, R.; Wette, V.; Pichler, A.; 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. [CrossRef] [PubMed]

26. Bjursten, S.; Vannas, C.; Filges, S.; Puls, F.; Pandita, A.; Fagman, H.; Ståhlberg, A.; Levin, M. Response to BRAF/MEK Inhibition
in A598-T599insV BRAF Mutated Melanoma. Case Rep. Oncol. 2019, 12, 872–879. [CrossRef] [PubMed]

27. Fridlich, O.; Peretz, A.; Fox-Fisher, I.; Pyanzin, S.; Dadon, Z.; Shcolnik, E.; Sadeh, R.; Fialkoff, G.; Sharkia, I.; Moss, J.; et al.
Elevated cfDNA after exercise is derived primarily from mature polymorphonuclear neutrophils, with a minor contribution of
cardiomyocytes. Cell Rep. Med. 2023, 4, 101074. [CrossRef] [PubMed]

28. Urosevic, N.; Merritt, A.J.; Inglis, T.J.J. Plasma cfDNA predictors of established bacteraemic infection. Access Microbiol. 2022, 4,
acmi000373. [CrossRef]

29. Garcia, M.; Juhos, S.; Larsson, M.; Olason, P.I.; Martin, M.; Eisfeldt, J.; DiLorenzo, S.; Sandgren, J.; De Ståhl, T.D.; Ewels, P. Sarek: A
portable workflow for whole-genome sequencing analysis of germline and somatic variants. F1000Research 2020, 9, 63. [CrossRef]
[PubMed]

30. Cibulskis, K.; Lawrence, M.S.; Carter, S.L.; Sivachenko, A.; Jaffe, D.; Sougnez, C.; Gabriel, S.; Meyerson, M.; Lander, E.S.; Getz, G.
Sensitive detection of somatic point mutations in impure and heterogeneous cancer samples. Nat. Biotechnol. 2013, 31, 213–219.
[CrossRef]

31. Kim, S.; Scheffler, K.; Halpern, A.L.; Bekritsky, M.A.; Noh, E.; Källberg, M.; Chen, X.; Kim, Y.; Beyter, D.; Krusche, P. Strelka2: Fast
and accurate calling of germline and somatic variants. Nat. Methods 2018, 15, 591–594. [CrossRef]

32. Garrison, E.; Marth, G. Haplotype-based variant detection from short-read sequencing. arXiv 2012, arXiv:1207.3907.
33. Ståhlberg, A.; Krzyzanowski, P.M.; Egyud, M.; Filges, S.; Stein, L.; Godfrey, T.E. Simple multiplexed PCR-based barcoding of

DNA for ultrasensitive mutation detection by next-generation sequencing. Nat. Protoc. 2017, 12, 664–682. [CrossRef] [PubMed]
34. Österlund, T.; Filges, S.; Johansson, G.; Ståhlberg, A. UMIErrorCorrect and UMIAnalyzer: Software for Consensus Read

Generation, Error Correction, and Visualization Using Unique Molecular Identifiers. Clin. Chem. 2022, 68, 1425–1435. [CrossRef]
[PubMed]

35. Reich, M.; Liefeld, T.; Gould, J.; Lerner, J.; Tamayo, P.; Mesirov, J.P. GenePattern 2.0. Nat. Genet. 2006, 38, 500–501. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/iub.1216
https://www.ncbi.nlm.nih.gov/pubmed/24265197
https://doi.org/10.3389/fmolb.2022.1039121
https://www.ncbi.nlm.nih.gov/pubmed/36533070
https://doi.org/10.1111/jdv.17049
https://www.ncbi.nlm.nih.gov/pubmed/33230874
https://doi.org/10.1080/14737159.2021.1860759
https://doi.org/10.1038/s41598-022-20928-8
https://doi.org/10.1093/nar/gkw224
https://doi.org/10.1080/0284186X.2020.1802064
https://www.ncbi.nlm.nih.gov/pubmed/32772605
https://doi.org/10.1038/s41698-020-00134-3
https://www.ncbi.nlm.nih.gov/pubmed/33299124
https://doi.org/10.1158/1078-0432.CCR-21-3231
https://www.ncbi.nlm.nih.gov/pubmed/34862246
https://doi.org/10.1159/000504291
https://www.ncbi.nlm.nih.gov/pubmed/31824282
https://doi.org/10.1016/j.xcrm.2023.101074
https://www.ncbi.nlm.nih.gov/pubmed/37290439
https://doi.org/10.1099/acmi.0.000373
https://doi.org/10.12688/f1000research.16665.2
https://www.ncbi.nlm.nih.gov/pubmed/32269765
https://doi.org/10.1038/nbt.2514
https://doi.org/10.1038/s41592-018-0051-x
https://doi.org/10.1038/nprot.2017.006
https://www.ncbi.nlm.nih.gov/pubmed/28253235
https://doi.org/10.1093/clinchem/hvac136
https://www.ncbi.nlm.nih.gov/pubmed/36031761
https://doi.org/10.1038/ng0506-500
https://www.ncbi.nlm.nih.gov/pubmed/16642009

	Introduction 
	Case Presentation 
	Discussion 
	Materials and Methods 
	Blood Sample Collection 
	Whole-Exome Sequencing 
	Digital ctDNA Sequencing 
	Data Analysis 

	References

