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Abstract: Analysis of cell-free circulating tumor DNA obtained by liquid biopsy is a non-invasive
approach that may provide clinically actionable information when conventional tissue biopsy is
inaccessible or infeasible. Here, we followed a patient with hormone receptor-positive and human
epidermal growth factor receptor (HER) 2-negative breast cancer who developed bone metastases
seven years after mastectomy. We analyzed circulating cell-free DNA (cfDNA) extracted from
plasma using high-depth massively parallel sequencing targeting 468 cancer-associated genes, and
we identified a clonal hotspot missense mutation in the PIK3CA gene (3:178952085, A > G, H1047R)
and amplification of the CCND1 gene. Whole-exome sequencing revealed that both alterations
were present in the primary tumor. After treatment with ribociclib plus letrozole, the genetic
abnormalities were no longer detected in cfDNA. These results underscore the clinical utility of
combining liquid biopsy and comprehensive genomic profiling to monitor treatment response in
patients with metastasized breast cancer.

Keywords: liquid biopsy; circulating cell-free DNA; metastatic breast cancer; ribociclib plus letrozole

1. Introduction

The development of metastases is a major cause of death in cancer patients [1]. While
many tumors can be cured when detected early, once metastasis forms, most cancers
become incurable [2]. In the case of breast cancer, metastasis can be found in the lungs,
liver and brain, in addition to lymph nodes, but the bone is the most-affected site [3].
Survival outcomes of breast cancer patients differ depending on metastatic sites, with bone
metastasis associated with the best prognosis, and brain metastasis associated with the
worst survival [4].

Although metastatic disease can be present at diagnosis, most often, metastases are
detected months or years following initial diagnosis and treatment. In breast cancer,
metastatic recurrence has been reported ranging from months to decades after surgery [5].
Such long-term relapse of disease in a patient who was clinically asymptomatic can be
attributed to cancer dormancy [6]. This phenomenon is likely caused by cancer cells that
escaped from the primary tumor and disseminated throughout the body [7]. For unknown
reasons, these micrometastases remain ‘dormant’ in secondary sites and evade anti-cancer
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therapies [8]. How the body controls the proliferation of microclusters of disseminated
tumor cells and why they occasionally transform into growing metastases is unclear [8].

The emergence of targeted therapies to treat metastatic breast cancer is extending life
expectancy [9,10]. In parallel, the development of non-invasive biomarker assays based on
liquid biopsy promises to enable the early detection of breast cancer relapse. Recent studies
showed that genomic alterations identified in the primary tumor of breast cancer patients
could be detected in circulating cell-free DNA (cfDNA) analyzed from plasma samples
collected approximately 10 months prior to clinical or radiological relapse [11,12]. Thus,
liquid biopsy may contribute to initiating treatment of metastatic disease at an earlier stage.
In this regard, a meta-analysis study concluded that the earlier detection of all breast cancer
recurrences would result in an absolute reduction in mortality of 17–28% [13].

Liquid biopsy tests might not only identify recurrence early, but also inform the
selection of optimal treatment strategies [8]. Indeed, the clonal heterogeneity of tumor cells
limits efficacy and duration of response to targeted treatments in metastatic cancer [14]. The
analysis of cfDNA in plasma may be sufficient to identify somatic alterations contributed
by distinct metastases, potentially circumventing the problem of lacking access to multiple
metastatic tumor tissue samples due to associated risks and costs [15].

The detection of circulating cell-free tumor DNA (ctDNA) requires very sensitive
molecular assays. Although PCR-based technologies, including droplet digital PCR, are
powerful methods for the accurate quantification of a scarce amount of circulating nucleic
acids in plasma, they can only test a few mutations per assay [16]. In contrast, recent
developments in massively parallel sequencing (also known as next generation sequencing)
technologies allow for the comprehensive genomic profiling of entire exonic regions of
hundreds of cancer-relevant genes, identifying base substitutions, insertions or deletions,
copy number alterations, and gene rearrangements [17–19].

Here, we used an established tumor-normal massively parallel sequencing assay [20,21]
to characterize the genetic alterations present in the cfDNA extracted from the plasma of a
breast cancer patient who developed bone metastases. We identified two DNA abnormalities
that were already present in the primary tumor genomic DNA. After treatment with ribociclib
plus letrozole, the patient showed a significant clinical improvement, and the two genetic
alterations were no longer detected in the plasma.

2. Materials and Methods
2.1. cfDNA Extraction from Blood Samples

Within 1 to 2 h after blood collection in EDTA tubes, whole blood was centrifuged at
1600g for 10 min at room temperature. Then, the supernatant was transferred into falcon
tubes, wasting about 5 mm of plasma to avoid buffy-coat disturbance. Next, the plasma
samples were centrifuged at 3000g for 10 min at room temperature. This high g-force
centrifugation step removes cellular debris and thereby reduces the amount of cellular or
genomic DNA and RNA in the sample. After this step, the supernatants were collected
into microtubes (2 or 5 mL), without disturbing the pellet containing cell debris. Plasma
samples were frozen and stored at −80 ◦C.

For cfDNA extraction, 4 mL of plasma were thawed. The cfDNA was purified using
QiAamp® MinElute® ccfDNA kit from Qiagen, according to the manufacturer’s instruc-
tions. The cfDNA was eluted in 50 µL of ultra-clean water and quantified using the Qubit®

3.0 Fluorometer (Invitrogen, Life Technologies, Carlsbad, CA, USA) with Qubit® dsDNA
HS Assay kit (Invitrogen, Life Technologies), according to the manufacturer’s protocol.
Sample quality was assessed using High Sensitivity D1000 ScreenTape (TapeStation, Ag-
ilent Technologies, Santa Clara, CA, USA), according to the manufacturer’s instructions.
The purified cfDNA was stored at −80 ◦C.

To assess quality of extracted cfDNA, samples were analyzed using a fragment an-
alyzer (TapeStation 4200, Agilent Technologies). This assay uses a fluorescently stained
double-stranded DNA and separates nucleic acids by means of electrophoresis. The TapeS-
tation Analysis software automatically determines size, quantity, and purity of each sample.
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The size determination is based on a known ladder with specific sizing standards. The
known concentration of the upper marker is used to determine concentration values.

2.2. Genomic DNA Extraction from Blood Samples

Genomic DNA (gDNA) was extracted from the buffy-coat of the blood sample col-
lected before enrollment in the clinical trial. After removal of plasma, a red blood cell
lysis buffer (in-house solution) was added and incubated for 10 min at 4 ◦C. Then, the
sample was centrifuged at 250g for 10 min. The supernatant was discarded and the pellet
containing white blood cells was washed with PBS 1x (Sigma, St. Louis, MI, USA). Af-
ter centrifugation at 250g for 10 min, the supernatant was discarded, and the pellet was
resuspended in 1 mL of PBS 1x (Sigma) and again centrifuged at 250g for 10 min. The
supernatant was discarded, and the dry pellet was stored at −80 ◦C.

DNA was extracted using a QIAmp® Blood mini kit from Qiagen, according to the
manufacturer’s instructions. The DNA was quantified using Qubit® 3.0 Fluorometer
(Invitrogen, Life Technologies) with the Qubit® dsDNA HS Assay kit (Invitrogen, Life
Technologies), according to the manufacturer’s protocol.

2.3. Sequencing and Analysis of cfDNA and gDNA Extracted from Blood Samples

Both the cfDNA and matched normal gDNA were subjected to massively parallel
sequencing using an established tumor-normal assay (Memorial Sloan Kettering-Integrated
Mutation Profiling of Actionable Cancer Targets; MSK-IMPACT) that targets 468 cancer-
related genes [20,21]. Sequencing data were processed and analyzed as previously re-
ported [22–24]. Briefly, reads were aligned to the reference human genome GRCh37 using
the Burrows–Wheeler Aligner (v0.7.15) [25]. Local realignment, duplicate removal, and base
quality recalibration were performed using the Genome Analysis Toolkit (v3.7) [26]. Somatic
single-nucleotide variants (SNVs) were detected by MuTect (v1.0) [27], and small insertions
and deletions (indels) were detected using a combination of Strelka (v2.0.15) [28], VarScan2
(v2.3.7) [29], Lancet (v1.0.0) [30], Scalpel (v0.5.3) [31], and Platypus [32]. Pathogenic muta-
tions were defined as variants that were deleterious and/or mutational hotspots. Allele-
specific copy number alterations (CNAs) and loss of heterozygosity (LOH) were defined
using FACETS [33], as previously described [23,34]. The fraction of the genome altered was
computed from the CNAs obtained from FACETS. The cancer cell fraction of each mutation
was determined using ABSOLUTE (v1.0.6) [35], as previously described [22,23,34].

2.4. Sequencing and Analysis of Primary Tumor Genomic DNA

DNA was extracted from the FFPE primary tumor sample, and Illumina DNA Prep
with Enrichment was used for generating whole-exome sequencing libraries, with 40 ng
input DNA, as previously described [36]. In brief, following quantification with Qubit®

dsDNA High Sensitivity assay, four libraries were pooled for enrichment (4-plex) such that
500 ng of each library was used. Target enrichment was performed using IDT xGen Exome
Research Panel. A single hybridization was done overnight at 58 ◦C, with 12 cycles of
post-enrichment PCR. Libraries were quantified by Qubit® dsDNA High Sensitivity assay,
normalized, and pooled. Samples were sequenced with 151 bp paired-end reads on the
NovaSeq 6000 S4 flow cell using the XP workflow for individual lane loading.

Whole-exome sequencing data were processed as previously described [36]. An
unpaired normal sample was used to perform variant calling. All germline variants
observed in a database curated in-house, which includes the most common germline
variants present in dbSNP [37], were removed. Copy number changes were estimated as
previously described [36]. Tumor purity and ploidy were estimated using Sequenza 2.1,
and sciClone 1.1 was used for clonality estimation [36].
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3. Results
3.1. Clinical Case

The patient is a woman who was first admitted to hospital in June 2009, at the age of
34 years. She presented with a palpable mass (4 × 4 cm) in the upper outer quadrant of the
right breast, with no skin alterations, and an axillary lymphadenopathy on the right side
(0.5 × 1.0 cm). A diagnostic mammogram and breast ultrasound showed a hypoechoic area
in the upper outer quadrant, with irregular borders and 18 mm of diameter. A microbiopsy
was performed that revealed an invasive ductal carcinoma of not otherwise specified (NOS)
that was estrogen receptor-positive (ER+), progesterone receptor-positive (PR+), human
epidermal growth factor receptor 2-negative (HER2-). p53 was normal as detected by
immunohistochemistry.

The patient started neoadjuvant chemotherapy (CTX) with doxorubicin together with
cyclophosphamide. After the 5th cycle of treatment, a computed tomography (CT) scan of
the abdomen and pelvis revealed a tumor in the right ovary (5 cm). In December 2009, the
patient was subjected to a breast conservative surgery with axillary lymph node dissection,
and a right salpingo-oophorectomy. The histological exam revealed a residual invasive
ductal carcinoma NOS in multiple areas with positive margins, an axillary lymph node
metastasis of the same type, and a mature cystic teratoma of the ovary (6 cm).

In January 2010, the patient underwent a mastectomy. Post-surgical treatment was
adjuvant CTX with docetaxel and, subsequently, hormonal therapy with goserelin and
tamoxifen. The patient also underwent adjuvant radiotherapy. Analysis of genomic DNA
extracted from a blood sample revealed no pathogenic germline mutations in the BRCA1
and BRCA2 genes.

In September 2017, the patient presented with knee pain. A chest-abdomen-pelvis
CT scan showed multiple lytic bone lesions, with soft-tissue involvement in the right iliac
(Table 1). Lytic bone lesions were also detected in lumbar vertebral bodies (Table 1). The
patient enrolled in an open-label clinical phase 3b trial with ribociclib combined with
letrozole (CompLEEment-1, NCT02941926). A considerable clinical improvement was
observed after treatment, including a decrease in pain score and partial remission of the
target bone lesion in the pelvis at the CT scan (Table 1). In November 2018, the patient was
treated with denosumab (120 mg at 4-week intervals). A partial response of the target and
non-target lesions was observed until the 24th cycle (Table 1).

Table 1. Lesions follow-up according to the RECIST 1.1 criteria.

Target Lesion Lytic Bone Lesions, Right Iliac with Soft-Tissue Involvement
Follow-up

date
19 December

2017
13 March

2018 5 June 2018 27 September
2018

4 December
2018

11 March
2019

4 June
2019

29 August
2019

Size 81 mm 58 mm 57 mm 54 mm 48 mm 47 mm 46 mm 42 mm

Non-target
lesion Lytic bone lesions, lumbar vertebral bodies

Follow-up
date

19 December
2017

13 March
2018 5 June 2018 27 September

2018
4 December

2018
11 March

2019
4 June
2019

29 August
2019

Number Multiple Multiple Stable Stable Stable Stable Stable Stable

3.2. Genomic Profiling of Plasma cfDNA

Blood samples were collected before (Pre-cfDNA) and after (Post-cfDNA) the patient
enrolled in the clinical trial, and cfDNA was extracted as indicated in Table 2.
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Table 2. Blood and plasma sample details.

Sample ID Collection Date Sample Type Sample
Concentration(ng/uL) Sample Volume(µL)

Pre gDNA 18 September 2017 Buffy-coat 70.5 40.0

Pre cfDNA 18 September 2017 Plasma (4 mL) 0.7 45.0

Post cfDNA 25 June 2018 Plasma (4 mL) 0.3 45.0

A gDNA sample was additionally extracted from the buffy-coat obtained from the
blood collected in September 2017. In both cfDNA samples, we detected cfDNA fragments
with sizes ranging between 70 to 200 base pairs (bp), with a peak at approximately 150 bp
(Figure 1).
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Figure 1. TapeStation analysis of DNA extracted from plasma collected before (left) and after (right)
treatment with ribociclib plus letrozole. Arrows indicate cfDNA fragments (with a peak at ~150 bp).

Pre-cfDNA was subjected to massively parallel sequencing using the MSK-IMPACT
assay that targets 468 cancer-related genes, detecting all protein-coding mutations, copy
number alterations, and selected promoter mutations and structural rearrangements [20,21].
The sequencing panel includes oncogenes, tumor suppressor genes, and members of
pathways deemed actionable by targeted therapies, and are recurrently altered in cancer.
This sequencing assay has been employed for the study of >25,000 tumors [38] as well as
cfDNA [24]. Two genomic alterations were detected: a missense mutation in the PIK3CA
gene (3q26.32, Figure 2) and an amplification of the CCND1 gene (11q13.3, Figure 3). The
PIK3CA hotspot mutation (3:178952085, A > G, H1047R) was present at a variant allele
frequency (VAF) of 0.14 (28 out of 200 reads). This variant was present in an estimated
cancer cell fraction (CCF) of 0.97, indicating that the variant is likely clonal. The matched
normal gDNA sample had a coverage of 199 reads at this position (3:178952085), and no
altered reads were detected.

The presence of both molecular alterations was confirmed in gDNA from the primary
tumor. In the primary tumor tissue, the hotspot mutation in PIK3CA (H1047R) was present
with an estimated CCF of 1. This mutation was detected with an estimated purity of
0.34 and a ploidy of 1.8, with a normal allelic depth of 392 and a tumor allelic depth of
93 (VAF = 0.2). Additionally, amplification of the CCND1 gene was observed, with an
estimated fold change of 1.25. No other molecular changes were identified.
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Figure 3. Copy number analysis of cell-free DNA (cfDNA) extracted from plasma collected before
(A) and after (B) treatment with ribociclib plus letrozole. Amplification of the CCND1 gene in
chromosome 11 (arrow) was detected at baseline before treatment, but not after therapy.

The analysis of cfDNA after treatment (Post-cfDNA) did not detect either of the two
alterations. In the PIK3CA gene, we identified 266 reads covering the position of interest
(3:178952085), and none presented this variant (Figure 2). Moreover, amplification of the
CCND1 gene was no longer observed (Figure 3). Thus, the results in cfDNA mirror the
clinical response.

4. Discussion

This study highlights the utility of cfDNA analysis for therapy monitoring in metastatic
breast cancer patients. Our results are consistent with previous reports indicating that
circulating tumor DNA can be used as surrogate marker of treatment outcome [15,39].
Recently, genotyping cfDNA in plasma samples from patients in the randomized phase
III PALOMA-3 study of CDK4/6 inhibitor palbociclib and fulvestrant for women with
advanced ER+ breast cancer showed that a reduction in the levels of mutant PIK3CA
DNA detected in circulation correlated with improved progression-free survival (PFS) after
treatment [40]. Similarly, patients with ER+ advanced metastatic breast cancer enrolled in
the phase I/II randomized BEECH trial (paclitaxel plus placebo versus paclitaxel plus AKT
inhibitor capivasertib) with decreased levels of mutant cfDNA detected in plasma after
4 weeks of treatment had substantially improved PFS [41].

Using massively parallel sequencing to analyze cfDNA in the patient plasma before
treatment, we detected the PIK3CA hotspot mutation H1047R. PIK3CA is one of the two
most frequently mutated genes in breast cancers, occurring in 30–40% of cases, and H1047R
is the most common mutation in this gene [42,43]. The PIK3CA gene encodes the catalytic
subunit of phosphatidylinositol 3-kinase (PI3K), and the H1047R mutation induces gain of
enzymatic function, allowing PI3K to signal without regulation and triggering oncogenic
properties [44,45]. When present, PIK3CA mutations are typically found in both the primary
tumor and in the relapsed/metastatic tissue [46]. Consistent with the finding that PIK3CA
mutations are predominantly truncal events in breast cancer, we identified the H1047R
mutation to be clonal and likely early occurrence in tumor evolution. Notably, a previous
study showed that truncal mutations in PIK3CA detected by liquid biopsy predicted sensi-
tivity to palbociclib, whereas sub clonal mutations were weak predictors of outcome [40].
More recently, the sequencing of circulating tumor DNA in patients enrolled in the phase
III MONALEESA-7 trial revealed a treatment response to endocrine therapy plus ribociclib
independent of the PIK3CA mutational status [47].

In addition to the PIK3CA hotspot mutation, our cfDNA analysis identified the ampli-
fication of CCND1, an oncogene that encodes the protein cyclin D1. The cyclin dependent
kinases 4 and 6 (CDK4/6) form complexes with D-type cyclins that act on the retinoblas-
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toma protein Rb and drive cell cycle progression [48]. CCND1 amplification leads to
increased cyclin D1 expression and inappropriate cyclin D–CDK4/6 activity [49,50], thus
promoting sustained cell proliferation, which is one of the hallmarks of cancer [51]. CCND1
amplification occurs in 10–35% of breast cancers and is typically associated with positive
ER status [49,50]. Breast cancer patients with CCND1 amplification tend to show a poor
response to endocrine therapy [50], which may be related to the ability of cyclin D1 to stim-
ulate the growth of estrogen responsive tissues through a CDK-independent mechanism
by activating the transcription of ER-regulated genes in the absence of estrogen [52]. How-
ever, the clinical benefit after ribociclib and endocrine therapy was observed in advanced
ER+/HER2- breast cancer patients with altered CCND1 [47].

The patient reported in this study was treated with the CDK4/6 inhibitor ribociclib
combined with the aromatase inhibitor letrozole. After treatment, the patient had a signifi-
cant clinical improvement, and no molecular abnormalities were detected by massively
parallel sequencing of cfDNA. A drawback of sequencing cfDNA is the problem of false
negatives. Indeed, not all cancer cells release their DNA into circulating blood, and the
concentration of cell-free tumor DNA in the plasma may be below the sensitivity of avail-
able technologies. However, in this case, the cfDNA results mirrored the clinical response.
A limitation of our study is that we did not monitor the patient cfDNA prospectively to
determine whether detectable genetic alterations could be detected prior to clinical relapse.

Based on the results of recent trials, ribociclib plus letrozole is currently considered the
frontline treatment option in postmenopausal patients with advanced ER+/PR+/HER2-
breast cancer [53,54]. Although these trials showed a consistent overall survival benefit, fu-
ture studies are needed to stratify drug response according to subgroups defined by patient
and disease characteristics. In this regard, comprehensive profiling of cfDNA isolated from
plasma samples may contribute a real-time assessment of driver and actionable mutations
and their clonal evolution in response to treatment.

Author Contributions: Conception and design: C.S. and M.C.-F. Provision of study materials and
clinical data from patients: A.R.S. and L.C. Technical support: A.C.S., P.C. and M.M.; Collection and
assembly of sequencing data and bioinformatics analysis: A.D.C.P., P.S., D.N.B., M.G., S.K., S.Z., L.L.,
B.W. and J.S.R.-F.; Data analysis and interpretation: C.S. and A.D.C.P.; Manuscript writing: C.S. and
M.C.-F. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Fundação para a Ciência e Tecnologia (FCT)/Ministério da
Ciência, Tecnologia e Ensino Superior, Portugal, through Fundos do Orçamento de Estado to Instituto
de Medicina Molecular João Lobo Antunes (LA/P/0082/2020), and FCT/FEDER/POR Lisboa 2020,
Programa Operacional Regional de Lisboa, PORTUGAL 2020 (LISBOA-01-0145-FEDER-016394), and
FEDER/POR Lisboa 2020-Programa Operacional Regional de Lisboa, PORTUGAL 2020 (Infogene,
045300). C.S. was a recipient of a FCT fellowship (SFRH/BDE/110544/2015). This work was funded
in part by the National Institutes of Health (NIH)/National Cancer Institute (NCI) Cancer Center
Support Grant (P30 CA008748; MSK). J.S.R-F. and B.W. are funded in part by the NIH/NCI P50
CA247749 01 grant and a Breast Cancer Research Foundation grant. J.S.R.-F. is also funded in part by
a Susan G Komen leadership grant, and B.W. by a Cycle for Survival grant.

Institutional Review Board Statement: The study was conducted in accordance with the Decla-
ration of Helsinki and approved by the Ethics Committee of Lisbon Academic Medical Center
(Oncodynamics, ref. n.º 343/16, 12 October 2016).

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

Data Availability Statement: Not applicable.

Acknowledgments: Authors are grateful to the patient who consented to participate in this study.

Conflicts of Interest: J.S.R.-F. reports receiving personal/consultancy fees from Goldman Sachs,
REPARE Therapeutics, Paige.AI, Personalis and Bain Capital, membership of the scientific advisory
boards of VolitionRx, REPARE Therapeutics, Paige.AI and Personalis, membership of the Board of
Directors of Grupo Oncoclinicas, and ad hoc membership of the scientific advisory boards of Roche
Tissue Diagnostics, Ventana Medical Systems, Novartis, Genentech, MSD, Daiichi Sankyo and InVicro,



Biomolecules 2022, 12, 1818 9 of 11

outside the scope of this study. B.W. reports research support by REPARE Therapeutics, outside of
the scope of this study. M.C.-F. is a founder of “GenoMed-Diagnósticos de Medicina Molecular, SA”
and a member of its scientific advisory board; she reports research support by AbbVie and Gilead
Sciences, outside of the scope of this study. The remaining authors have nothing to disclose.

References
1. Chaffer, C.L.; Weinberg, R.A. A perspective on cancer cell metastasis. Science 2011, 331, 1559–1564. [CrossRef] [PubMed]
2. Seyfried, T.N.; Huysentruyt, L.C. On the origin of cancer metastasis. Crit. Rev. Oncog. 2013, 18, 43–73. [CrossRef] [PubMed]
3. Jin, X.; Mu, P. Targeting Breast Cancer Metastasis. Breast Cancer 2015, 9, 23–34. [CrossRef] [PubMed]
4. Wang, R.; Zhu, Y.; Liu, X.; Liao, X.; He, J.; Niu, L. The Clinicopathological features and survival outcomes of patients with

different metastatic sites in stage IV breast cancer. BMC Cancer 2019, 19, 1091. [CrossRef]
5. Karrison, T.G.; Ferguson, D.J.; Meier, P. Dormancy of mammary carcinoma after mastectomy. J. Natl. Cancer Inst. 1999, 91, 80–85.

[CrossRef]
6. Uhr, J.W.; Pantel, K. Controversies in clinical cancer dormancy. Proc. Natl. Acad. Sci. USA 2011, 108, 12396–12400. [CrossRef]
7. Sosa, M.S.; Bragado, P.; Aguirre-Ghiso, J.A. Mechanisms of disseminated cancer cell dormancy: An awakening field. Nat. Rev.

Cancer 2014, 14, 611–622. [CrossRef]
8. Riggio, A.I.; Varley, K.E.; Welm, A.L. The lingering mysteries of metastatic recurrence in breast cancer. Br. J. Cancer 2021, 124,

13–26. [CrossRef]
9. Rinnerthaler, G.; Gampenrieder, S.P.; Greil, R. ASCO 2018 highlights: Metastatic breast cancer. Memo 2018, 11, 276–279. [CrossRef]
10. Caswell-Jin, J.L.; Plevritis, S.K.; Tian, L.; Cadham, C.J.; Xu, C.; Stout, N.K.; Sledge, G.W.; Mandelblatt, J.S.; Kurian, A.W. Change in

Survival in Metastatic Breast Cancer with Treatment Advances: Meta-Analysis and Systematic Review. JNCI Cancer Spectr. 2018,
2, pky062. [CrossRef]

11. Coombes, R.C.; Page, K.; Salari, R.; Hastings, R.K.; Armstrong, A.; Ahmed, S.; Ali, S.; Cleator, S.; Kenny, L.; Stebbing, J.; et al.
Personalized detection of circulating tumor DNA antedates breast cancer metastatic recurrence. Clin. Cancer Res. 2019, 25,
4255–4263. [CrossRef] [PubMed]

12. Garcia-Murillas, I.; Chopra, N.; Comino-Méndez, I.; Beaney, M.; Tovey, H.; Cutts, R.J.; Swift, C.; Kriplani, D.; Afentakis, M.;
Hrebien, S.; et al. Assessment of Molecular Relapse Detection in Early-Stage Breast Cancer. JAMA Oncol. 2019, 5, 1473–1478.
[CrossRef] [PubMed]

13. Lu, W.L.; Jansen, L.; Post, W.J.; Bonnema, J.; van de Velde, J.C.; de Bock, G.H. Impact on survival of early detection of isolated
breast recurrences after the primary treatment for breast cancer: A meta-analysis. Breast Cancer Res. Treat. 2009, 114, 403–412.
[CrossRef] [PubMed]

14. Aparicio, S.; Caldas, C. The Implications of Clonal Genome Evolution for Cancer Medicine. N. Engl. J. Med. 2013, 368, 842–851.
[CrossRef]

15. Murtaza, M.; Dawson, S.-J.; Tsui, D.W.Y.; Gale, D.; Forshew, T.; Piskorz, A.M.; Parkinson, C.; Chin, S.-F.; Kingsbury, Z.; Wong,
A.S.C.; et al. Non-invasive analysis of acquired resistance to cancer therapy by sequencing of plasma DNA. Nature 2013, 497,
108–112. [CrossRef]

16. Dang, D.K.; Park, B.H. Circulating tumor DNA: Current challenges for clinical utility. J. Clin. Investig. 2022, 132, e154941.
[CrossRef]

17. Woodhouse, R.; Li, M.; Hughes, J.; Delfosse, D.; Skoletsky, J.; Ma, P.; Meng, W.; Dewal, N.; Milbury, C.; Clark, T.; et al. Clinical and
analytical validation of foundation one liquid CDx, a novel 324-Gene cfDNA-based comprehensive genomic profiling assay for
cancers of solid tumor origin. PLoS ONE 2020, 15, e0237802. [CrossRef]

18. Caputo, V.; De Falco, V.; Ventriglia, A.; Famiglietti, V.; Martinelli, E.; Morgillo, F.; Martini, G.; Corte, C.M.D.; Ciardiello, D.; Poliero,
L.; et al. Comprehensive genome profiling by next generation sequencing of circulating tumor DNA in solid tumors: A single
academic institution experience. Ther. Adv. Med. Oncol. 2022, 14, 17588359221096878. [CrossRef]

19. Poh, J.; Ngeow, K.C.; Pek, M.; Tan, K.-H.; Lim, J.S.; Chen, H.; Ong, C.K.; Lim, J.Q.; Lim, S.T.; Lim, C.M.; et al. Analytical and
clinical validation of an amplicon-based next generation sequencing assay for ultrasensitive detection of circulating tumor DNA.
PLoS ONE 2022, 17, e0267389. [CrossRef] [PubMed]

20. Cheng, D.T.; Mitchell, T.N.; Zehir, A.; Shah, R.H.; Benayed, R.; Syed, A.; Chandramohan, R.; Liu, Z.Y.; Won, H.H.; Scott, S.N.; et al.
Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT). J. Mol. Diagn. 2015, 17,
251–264. [CrossRef]

21. Zehir, A.; Benayed, R.; Shah, R.H.; Syed, A.; Middha, S.; Kim, H.R.; Srinivasan, P.; Gao, J.; Chakravarty, D.; Devlin, S.M.; et al.
Mutational landscape of metastatic cancer revealed from prospective clinical sequencing of 10,000 patients. Nat. Med. 2017, 23,
703–713. [CrossRef] [PubMed]

22. Weigelt, B.; Bi, R.; Kumar, R.; Blecua, P.; Mandelker, D.L.; Geyer, F.C.; Pareja, F.; James, P.A.; kConFab Investigators; Couch,
F.J.; et al. The Landscape of Somatic Genetic Alterations in Breast Cancers From ATM Germline Mutation Carriers. J. Natl. Cancer
Inst. 2018, 110, 1030–1034. [CrossRef] [PubMed]

23. Da Cruz Paula, A.; da Silva, E.M.; Segura, S.E.; Pareja, F.; Bi, R.; Selenica, P.; Kim, S.H.; Ferrando, L.; Vahdatinia, M.; Soslow,
R.A.; et al. Genomic profiling of primary and recurrent adult granulosa cell tumors of the ovary. Mod. Pathol. 2020, 33, 1606–1617.
[CrossRef] [PubMed]

http://doi.org/10.1126/science.1203543
http://www.ncbi.nlm.nih.gov/pubmed/21436443
http://doi.org/10.1615/CritRevOncog.v18.i1-2.40
http://www.ncbi.nlm.nih.gov/pubmed/23237552
http://doi.org/10.4137/BCBCR.S25460
http://www.ncbi.nlm.nih.gov/pubmed/26380552
http://doi.org/10.1186/s12885-019-6311-z
http://doi.org/10.1093/jnci/91.1.80
http://doi.org/10.1073/pnas.1106613108
http://doi.org/10.1038/nrc3793
http://doi.org/10.1038/s41416-020-01161-4
http://doi.org/10.1007/s12254-018-0450-9
http://doi.org/10.1093/jncics/pky062
http://doi.org/10.1158/1078-0432.CCR-18-3663
http://www.ncbi.nlm.nih.gov/pubmed/30992300
http://doi.org/10.1001/jamaoncol.2019.1838
http://www.ncbi.nlm.nih.gov/pubmed/31369045
http://doi.org/10.1007/s10549-008-0023-4
http://www.ncbi.nlm.nih.gov/pubmed/18421576
http://doi.org/10.1056/NEJMra1204892
http://doi.org/10.1038/nature12065
http://doi.org/10.1172/JCI154941
http://doi.org/10.1371/journal.pone.0237802
http://doi.org/10.1177/17588359221096878
http://doi.org/10.1371/journal.pone.0267389
http://www.ncbi.nlm.nih.gov/pubmed/35486650
http://doi.org/10.1016/j.jmoldx.2014.12.006
http://doi.org/10.1038/nm.4333
http://www.ncbi.nlm.nih.gov/pubmed/28481359
http://doi.org/10.1093/jnci/djy028
http://www.ncbi.nlm.nih.gov/pubmed/29506079
http://doi.org/10.1038/s41379-020-0514-3
http://www.ncbi.nlm.nih.gov/pubmed/32203090


Biomolecules 2022, 12, 1818 10 of 11

24. De Mattos-Arruda, L.; Weigelt, B.; Cortes, J.; Won, H.H.; Ng, C.K.Y.; Nuciforo, P.; Bidard, F.-C.; Aura, C.; Saura, C.; Peg,
V.; et al. Capturing intra-tumor genetic heterogeneity by de novo mutation profiling of circulating cell-free tumor DNA: A
proof-of-principle. Ann. Oncol. 2014, 25, 1729–1735. [CrossRef] [PubMed]

25. Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 2009, 25, 1754–1760.
[CrossRef]

26. DePristo, M.A.; Banks, E.; Poplin, R.; Garimella, K.V.; Maguire, J.R.; Hartl, C.; Philippakis, A.A.; del Angel, G.; Rivas, M.A.;
Hanna, M.; et al. A framework for variation discovery and genotyping using next-generation DNA sequencing data. Nat. Genet.
2011, 43, 491–498. [CrossRef]

27. 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]

28. Saunders, C.T.; Wong, W.S.W.; Swamy, S.; Becq, J.; Murray, L.J.; Cheetham, R.K. Strelka: Accurate somatic small-variant calling
from sequenced tumor–normal sample pairs. Bioinformatics 2012, 28, 1811–1817. [CrossRef]

29. Koboldt, D.C.; Zhang, Q.; Larson, D.E.; Shen, D.; McLellan, M.D.; Lin, L.; Miller, C.A.; Mardis, E.R.; Ding, L.; Wilson, R.K. VarScan
2: Somatic mutation and copy number alteration discovery in cancer by exome sequencing. Genome Res. 2012, 22, 568–576.
[CrossRef]

30. Narzisi, G.; Corvelo, A.; Arora, K.; Bergmann, E.A.; Shah, M.; Musunuri, R.; Emde, A.-K.; Robine, N.; Vacic, V.; Zody, M.C.
Genome-wide somatic variant calling using localized colored de Bruijn graphs. Commun. Biol. 2018, 1, 20. [CrossRef]

31. Narzisi, G.; O’Rawe, J.A.; Iossifov, I.; Fang, H.; Lee, Y.-h.; Wang, Z.; Wu, Y.; Lyon, G.J.; Wigler, M.; Schatz, M.C. Accurate de
novo and transmitted indel detection in exome-capture data using microassembly. Nat. Methods 2014, 11, 1033–1036. [CrossRef]
[PubMed]

32. Rimmer, A.; Phan, H.; Mathieson, I.; Iqbal, Z.; Twigg, S.R.F.; WGS500 Consortium; Wilkie, A.O.M.; McVean, G.; Lunter, G.
Integrating mapping-, assembly- and haplotype-based approaches for calling variants in clinical sequencing applications. Nat.
Genet. 2014, 46, 912–918. [CrossRef] [PubMed]

33. Shen, R.; Seshan, V.E. FACETS: Allele-specific copy number and clonal heterogeneity analysis tool for high-throughput DNA
sequencing. Nucleic Acids Res. 2016, 44, e131. [CrossRef] [PubMed]

34. Pareja, F.; Lee, J.Y.; Brown, D.N.; Piscuoglio, S.; Gularte-Mérida, R.; Selenica, P.; Da Cruz Paula, A.; Arunachalam, S.; Kumar, R.;
Geyer, F.C.; et al. The Genomic Landscape of Mucinous Breast Cancer. J. Natl. Cancer Inst. 2019, 111, 737–741. [CrossRef]

35. Carter, S.L.; Cibulskis, K.; Helman, E.; McKenna, A.; Shen, H.; Zack, T.; Laird, P.W.; Onofrio, R.C.; Winckler, W.; Weir, B.A.; et al.
Absolute quantification of somatic DNA alterations in human cancer. Nat. Biotechnol. 2012, 30, 413–421. [CrossRef]

36. Golkaram, M.; Salmans, M.L.; Kaplan, S.; Vijayaraghavan, R.; Martins, M.; Khan, N.; Garbutt, C.; Wise, A.; Yao, J.; Casimiro,
S.; et al. HERVs establish a distinct molecular subtype in stage II/III colorectal cancer with poor outcome. NPJ Genomic Med. 2021,
6, 13. [CrossRef]

37. Sherry, S.T.; Ward, M.-H.; Kholodov, M.; Baker, J.; Phan, L.; Smigielski, E.M.; Sirotkin, K. dbSNP: The NCBI database of genetic
variation. Nucleic Acids Res. 2001, 29, 308–311. [CrossRef]

38. Nguyen, B.; Fong, C.; Luthra, A.; Smith, S.A.; DiNatale, R.G.; Nandakumar, S.; Walch, H.; Chatila, W.K.; Madupuri, R.; Kundra,
R.; et al. Genomic characterization of metastatic patterns from prospective clinical sequencing of 25,000 patients. Cell 2022, 185,
563–575.e11. [CrossRef]

39. Dawson, S.-J.; Tsui, D.W.Y.; Murtaza, M.; Biggs, H.; Rueda, O.M.; Chin, S.-F.; Dunning, M.J.; Gale, D.; Forshew, T.; Mahler-Araujo,
B.; et al. Analysis of Circulating Tumor DNA to Monitor Metastatic Breast Cancer. N. Engl. J. Med. 2013, 368, 1199–1209.
[CrossRef]

40. O’Leary, B.; Hrebien, S.; Morden, J.P.; Beaney, M.; Fribbens, C.; Huang, X.; Liu, Y.; Bartlett, C.H.; Koehler, M.; Cristofanilli, M.; et al.
Early circulating tumor DNA dynamics and clonal selection with palbociclib and fulvestrant for breast cancer. Nat. Commun.
2018, 9, 896. [CrossRef]

41. Hrebien, S.; Citi, V.; Garcia-Murillas, I.; Cutts, R.; Fenwick, K.; Kozarewa, I.; McEwen, R.; Ratnayake, J.; Maudsley, R.; Carr, T.H.;
et al. Early ctDNA dynamics as a surrogate for progression-free survival in advanced breast cancer in the BEECH trial. Ann.
Oncol. 2019, 30, 945–952. [CrossRef] [PubMed]

42. Pereira, B.; Chin, S.-F.; Rueda, O.M.; Vollan, H.-K.M.; Provenzano, E.; Bardwell, H.A.; Pugh, M.; Jones, L.; Russell, R.; Sammut,
S.-J.; et al. The somatic mutation profiles of 2,433 breast cancers refines their genomic and transcriptomic landscapes. Nat.
Commun. 2016, 7, 11479. [CrossRef] [PubMed]

43. Martínez-Sáez, O.; Chic, N.; Pascual, T.; Adamo, B.; Vidal, M.; González-Farré, B.; Sanfeliu, E.; Schettini, F.; Conte, B.; Brasó-
Maristany, F.; et al. Frequency and spectrum of PIK3CA somatic mutations in breast cancer. Breast Cancer Res. 2020, 22, 45.
[CrossRef]

44. Isakoff, S.J.; Engelman, J.A.; Irie, H.Y.; Luo, J.; Brachmann, S.M.; Pearline, R.V.; Cantley, L.C.; Brugge, J.S. Breast cancer-associated
PIK3CA mutations are oncogenic in mammary epithelial cells. Cancer Res. 2005, 65, 10992–11000. [CrossRef] [PubMed]

45. Bader, A.G.; Kang, S.; Vogt, P.K. Cancer-specific mutations in PIK3CA are oncogenic in vivo. Proc. Natl. Acad. Sci. USA 2006, 103,
1475–1479. [CrossRef] [PubMed]

http://doi.org/10.1093/annonc/mdu239
http://www.ncbi.nlm.nih.gov/pubmed/25009010
http://doi.org/10.1093/bioinformatics/btp324
http://doi.org/10.1038/ng.806
http://doi.org/10.1038/nbt.2514
http://doi.org/10.1093/bioinformatics/bts271
http://doi.org/10.1101/gr.129684.111
http://doi.org/10.1038/s42003-018-0023-9
http://doi.org/10.1038/nmeth.3069
http://www.ncbi.nlm.nih.gov/pubmed/25128977
http://doi.org/10.1038/ng.3036
http://www.ncbi.nlm.nih.gov/pubmed/25017105
http://doi.org/10.1093/nar/gkw520
http://www.ncbi.nlm.nih.gov/pubmed/27270079
http://doi.org/10.1093/jnci/djy216
http://doi.org/10.1038/nbt.2203
http://doi.org/10.1038/s41525-021-00177-w
http://doi.org/10.1093/nar/29.1.308
http://doi.org/10.1016/j.cell.2022.01.003
http://doi.org/10.1056/NEJMoa1213261
http://doi.org/10.1038/s41467-018-03215-x
http://doi.org/10.1093/annonc/mdz085
http://www.ncbi.nlm.nih.gov/pubmed/30860573
http://doi.org/10.1038/ncomms11479
http://www.ncbi.nlm.nih.gov/pubmed/27161491
http://doi.org/10.1186/s13058-020-01284-9
http://doi.org/10.1158/0008-5472.CAN-05-2612
http://www.ncbi.nlm.nih.gov/pubmed/16322248
http://doi.org/10.1073/pnas.0510857103
http://www.ncbi.nlm.nih.gov/pubmed/16432179


Biomolecules 2022, 12, 1818 11 of 11

46. Yates, L.R.; Knappskog, S.; Wedge, D.; Farmery, J.H.R.; Gonzalez, S.; Martincorena, I.; Alexandrov, L.B.; Van Loo, P.; Haugland,
H.K.; Lilleng, P.K.; et al. Genomic Evolution of Breast Cancer Metastasis and Relapse. Cancer Cell 2017, 32, 169–184.e7. [CrossRef]
[PubMed]

47. Bardia, A.; Su, F.; Solovieff, N.; Im, S.-A.; Sohn, J.; Lee, K.S.; Campos-Gomez, S.; Jung, K.H.; Colleoni, M.; Vázquez, R.V.; et al.
Genomic Profiling of Premenopausal HR+ and HER2- Metastatic Breast Cancer by Circulating Tumor DNA and Association
of Genetic Alterations with Therapeutic Response to Endocrine Therapy and Ribociclib. JCO Precis. Oncol. 2021, 5, 1408–1420.
[CrossRef]

48. Topacio, B.R.; Zatulovskiy, E.; Cristea, S.; Xie, S.; Tambo, C.S.; Rubin, S.M.; Sage, J.; Kõivomägi, M.; Skotheim, J.M. Cyclin
D-Cdk4,6 Drives Cell-Cycle Progression via the Retinoblastoma Protein’s C-Terminal Helix. Mol. Cell 2019, 74, 758–770.e4.
[CrossRef] [PubMed]

49. Elsheikh, S.; Green, A.R.; Aleskandarany, M.A.; Grainge, M.; Paish, C.E.; Lambros, M.B.K.; Reis-Filho, J.S.; Ellis, I.O. CCND1
amplification and cyclin D1 expression in breast cancer and their relation with proteomic subgroups and patient outcome. Breast
Cancer Res. Treat. 2008, 109, 325–335. [CrossRef]

50. Jeffreys, S.A.; Becker, T.M.; Khan, S.; Soon, P.; Neubauer, H.; de Souza, P.; Powter, B. Prognostic and Predictive Value of
CCND1/Cyclin D1 Amplification in Breast Cancer With a Focus on Postmenopausal Patients: A Systematic Review and Meta-
Analysis. Front. Endocrinol. 2022, 13, 895729. [CrossRef]

51. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
52. Zwijsen, R.M.L.; Wientjens, E.; Klompmaker, R.; der Sman, J.; Bernards, R.; Michalides, R.J.A.M. CDK-independent activation of

estrogen receptor by cyclin D1. Cell 1997, 88, 405–415. [CrossRef] [PubMed]
53. Hortobagyi, G.N.; Stemmer, S.M.; Burris, H.A.; Yap, Y.-S.; Sonke, G.S.; Hart, L.; Campone, M.; Petrakova, K.; Winer, E.P.; Janni, W.;

et al. Overall Survival with Ribociclib plus Letrozole in Advanced Breast Cancer. N. Engl. J. Med. 2022, 386, 942–950. [CrossRef]
[PubMed]

54. De Laurentiis, M.; Caputo, R.; Mazza, M.; Mansutti, M.; Masetti, R.; Ballatore, Z.; Torrisi, R.; Michelotti, A.; Zambelli, A.; Ferro, A.;
et al. Safety and Efficacy of Ribociclib in Combination with Letrozole in Patients with HR+, HER2− Advanced Breast Cancer:
Results from the Italian Subpopulation of Phase 3b CompLEEment-1 Study. Target. Oncol. 2022, 17, 615–625. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ccell.2017.07.005
http://www.ncbi.nlm.nih.gov/pubmed/28810143
http://doi.org/10.1200/PO.20.00445
http://doi.org/10.1016/j.molcel.2019.03.020
http://www.ncbi.nlm.nih.gov/pubmed/30982746
http://doi.org/10.1007/s10549-007-9659-8
http://doi.org/10.3389/fendo.2022.895729
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1016/S0092-8674(00)81879-6
http://www.ncbi.nlm.nih.gov/pubmed/9039267
http://doi.org/10.1056/NEJMoa2114663
http://www.ncbi.nlm.nih.gov/pubmed/35263519
http://doi.org/10.1007/s11523-022-00913-x
http://www.ncbi.nlm.nih.gov/pubmed/36152144

	Introduction 
	Materials and Methods 
	cfDNA Extraction from Blood Samples 
	Genomic DNA Extraction from Blood Samples 
	Sequencing and Analysis of cfDNA and gDNA Extracted from Blood Samples 
	Sequencing and Analysis of Primary Tumor Genomic DNA 

	Results 
	Clinical Case 
	Genomic Profiling of Plasma cfDNA 

	Discussion 
	References

