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Chapter 1: Introduction 

 

Cell-free tumour DNA 

In medical oncology, the next generation or massively parallel sequencing of tumour 

tissue biopsies in search of actionable somatic genomic alterations has become routine 

practice. Although the information derived from tumour tissue biopsies can be informative, the 

procurement of tumour tissue specimens poses challenges for the development of biomarkers. 

Tumour biopsies are single portraits of the tumour in time, can be difficult to obtain, can be 

costly and time consuming, and subject to selection bias resulting from tumour heterogeneity (1, 

2).  

Blood-based circulating biomarkers, including circulating tumour cells (CTCs), cell-free 

nucleic acids and exosomes, have been studied as ‘liquid biopsies’, that is, surrogates or 

complementary biomarkers to overcome the drawbacks of invasive tissue biopsies (3). Recent 

developments in massively parallel sequencing and digital genomic techniques have allowed for 

interrogation of tumour-specific molecular alterations in the circulation and support the clinical 

validity of cell-free circulating tumour DNA (ctDNA) as a liquid biopsy in human cancer (4-17). 

Plasma is known to carry small amounts of fragmented cell-free DNA of 160 to 180 base 

pairs, which is likely to be originated from cancer cells through the process of necrosis and 

apoptosis (18-20). Tumour-derived DNA is defined by the presence of genomic alterations, and 

can be discerned from normal DNA, reassuring the specificity of these liquid biopsies as 

biomarkers in cancer (20). CtDNA in plasma constitutes a non-invasive source of material that 

may allow the identification of the genomic make-up of tumours and provides a new means for 

studying cancer patients in terms of monitoring tumour burden, assessing the mechanisms of 

therapeutic response and resistance, detecting minimal residual disease, and understanding 

unresolved biologic puzzles presented by tumour heterogeneity and clonal evolution (4-17).  

We have reported a proof-of-principle study in the field of liquid biopsies, which is going 

to be an ancillary article analysed in this thesis entitled: “Capturing intra-tumour genetic 

heterogeneity by de novo mutation profiling of circulating cell-free tumour DNA: a proof-

of-principle” (10) published in Annals of Oncology in July 2014. This article is one of the first to 

demonstrate that high-depth targeted massively parallel sequencing of plasma-derived ctDNA 

constitutes a potential tool for de novo mutation identification and monitoring of somatic 

genomic alterations during the course of targeted therapy, and this non-invasive tool may be 

employed to overcome the challenges posed by tumour heterogeneity.  
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The need of liquid biopsies in brain malignancies 

Brain malignancies are associated with dismal outcomes with few therapeutic options 

available. Glioblastomas (GBMs) are highly malignant, usually recalcitrant to radiotherapy and 

chemotherapy and exhibit a dismal prognosis (21). GBMs are characterised by an extremely 

invasive nature resulting in the inability of surgery to completely eradicate tumours. 

Likewise, secondary brain malignancies (i.e., brain metastasis from solid cancers) are a 

devastating complication of cancer with also unmet therapeutic needs. The development of 

brain metastasis is an important clinical challenge associated with poor prognosis, neurological 

deterioration, and reduced quality of life (22). Despite the recent success of some therapies in 

the treatment of extracranial diseases, the outcome of patients developing brain metastasis has 

not been improved (23). 

In brain malignancies, the development of non-invasive methods to analyse the 

characteristics of tumours is paramount. The restricted and invasive accesses for sampling 

brain tumour material and the difficulties to capture the heterogeneous and evolving nature of 

this type of tumours through the analysis of small fragments of tumour represent main obstacles 

for their genomic characterisation (21, 24, 25).  

In patients with primary and secondary brain malignancies, the repeated tumour 

sampling and limited abundance of brain tumour-derived ctDNA in the plasma makes the use of 

liquid biopsy challenging yet. In patients with primary brain tumours, the presence of ctDNA 

derived from plasma is minimal probably as a result of the blood-brain barrier (12, 26, 27), 

although proof-of-principle studies have suggested the release of CTCs into the circulation of 

GBM patients (28-30). 

The cerebrospinal fluid (CSF) is a liquid that bathes the central nervous system (CNS) 

and is in intimate contact with tumour and normal cells in CNS malignancies (31, 32). Recently, 

there has been preliminary evidence that tumour-derived DNA is present in the CSF of patients 

with brain malignancies (31-35).  

However, the extension to how brain tumour-derived ctDNA represents the tumour 

clonal diversity as compared with plasma ctDNA from the same patients with primary and 

secondary brain malignancies, and how ctDNA from CSF or plasma recapitulates multiregional 

SNC and extra-cranial tumour samples has not been explored.  

We have reported a proof-of-principle in the field of CNS liquid biopsies, which is going 

to be the fundamental article analysed for this thesis entitled: “Cerebrospinal fluid-derived 

circulating tumour DNA better represents the genomic alterations of brain tumours than 

plasma” (14) published in Nature Communications in November 2015. 
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Chapter 2: Capturing intra-tumour genetic heterogeneity by de novo mutation profiling of 

circulating cell-free tumour DNA: a proof-of-principle 

Introduction 

Breast cancers are genomically heterogeneous. In breast, akin to other solid tumours, 

the collection of genomic alterations found within a given tumour may differ according to the 

region sampled, between primary tumour and metastatic deposits, and even between distinct 

metastatic deposits (10, 36-38). The genomic analyses of breast cancers have provided direct 

evidence of spatial and temporal intra-tumour heterogeneity (39-41) and have shown that the 

range of subclonal heterogeneity is variable among breast cancers (38).   

Currently, clinical and therapeutic decisions are usually based on individual biopsies that 

may not be representative of the entire tumour burden or not real-time assessments of the 

tumour tissue (2). The clinic goals for understanding tumour heterogeneity consist on i) 

characterising the cancers of patients and guiding their treatment, and ii) monitoring the 

emergence of drug resistance and selecting tailored therapies. However, these goals cannot be 

accomplished with the current mode of analyses of tumour tissue biopsies. 

Liquid biopsies, particularly plasma ctDNA, may help to overcome the challenges of 

tumour heterogeneity and sampling bias derived from the analysis of single biopsies. In 

addition, they may be suitable for revealing actionable genomic alterations and informing the 

decision-making processes in the clinic.  

In this work (10), we hypothesised that massively parallel sequencing analysis of 

plasma-derived ctDNA of breast cancer patient would constitute a means to identify the 

repertoire of genomic alterations between primary tumour and metastasis and also to monitor 

the presence of potentially actionable driver somatic genomic alterations during the course of 

targeted therapy (Figure 2.1). 

Plasma 
ctDNA 

Figure 2.1. Schematics for 
the role of plasma-derived 
ctDNA capturing mutations for 
both primary tumour and 
metastasis.  
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Objectives 

• Assess whether plasma-derived ctDNA could be a potential surrogate for tumour DNA 

obtained from tissue biopsies.  

• Assess whether the analysis of plasma-derived ctDNA could be useful to monitor 

actionable driver somatic genomic alterations during the course of targeted therapy.  

 

Results 

A 66-year-old patient presented with synchronous oestrogen receptor (ER)-positive/ 

HER2-negative, highly proliferative, grade 2, mixed invasive ductal-lobular carcinoma with bone 

and liver metastases at diagnosis (Appendices Figure A1). Following three lines of 

chemotherapy (i.e. paclitaxel-, anthracycline- and capecitabine-based therapies and disease 

progression, the patient underwent a molecular pre-screening program (Figure 2.2). The 

analysis of archival primary breast tumour material by Sequenom MassARRAY® revealed the 

presence of an AKT1 E17K mutation. Based on these results, the patient was enrolled in the 

phase I study PAM4743g (Clinicaltrials.gov, NCT01090960) and treated with Ipatasertib (GDC-

0068), a highly selective, orally available pan-AKT inhibitor as the fourth line of therapy. Multiple 

plasma samples were collected during the fourth line of treatment with an AKT inhibitor.  

DNA extracted from archival tumour material and plasma, and from peripheral blood 

leukocytes was subjected to targeted massively parallel sequencing at the Integrated Genomics 

Operation (iGO), Memorial Sloan Kettering Cancer Center (MSKCC) using the Integrated 

Mutation Profiling of Actionable Cancer Targets (IMPACT) platform (42), comprising 300 cancer 

genes known to harbour actionable mutations (Appendices Supplementary Data 1).  
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Figure 2.2. Patient disease presentation, treatment timeline and mutant alleles in the primary 

breast tumour, liver metastasis and plasma-derived DNA. Biopsies of the primary breast cancer 

and its synchronous liver metastasis were obtained before initiation of therapy. Following three 

lines of chemotherapy, the patient was treated with the AKT inhibitor Ipatasertib, and multiple 

plasma samples were obtained during the course of treatment. DNA samples extracted from the 

primary tumour, metastasis and plasma samples were subjected to targeted high-depth 

massively parallel sequencing.  

 

Average read depths of 287x were obtained from the archival primary tumour, 139x from 

the liver metastasis and between 200x and 900x from the ctDNA samples. Sixteen somatic non-

synonymous mutations were detected in the liver metastasis, of which 9 (CDKN2A, AKT1, 

TP53, JAK3, TSC1, NF1, CDH1, MML3 and CTNNB1) were also detected in >5% of the alleles 

found in the primary tumour sample.  

Not all mutations identified in the liver metastasis were reliably identified in the primary 

tumour (e.g. FLT4, MAP2K2) at the sequencing depth obtained. Analysis of plasma ctDNA, 

nevertheless, captured all mutations present in the primary breast tumour and/ or synchronous 

liver metastasis (Figure 2.2, Figure 2.3 and Table 2.1).  

 

 

Table 2.1. Mutant allele fractions of somatic mutations identified in the primary breast tumour, 

liver metastasis and plasma samples. MAFs, mutant allele fractions. Color coding: dark gray 

Gene Mutation
(amino acid)

Primary tumor
(287x) MAFs
(reads)

Liver metastasis (139x)
MAFs (reads)

Plasma 1
(692x)
MAFs (reads)

Plasma 2
(728x)
MAFs (reads)

Plasma 3
(209x)
MAFs (reads)

Plasma 4
(918x)
MAFs (reads)

CDKN2A p.S12* 82% (23/28) 52% (11/21) 47% (42/89) 6% (7/117) 34% (14/41) 40% (55/137)
AKT1 p.E17K 70% (83/118) 72% (79/110) 39% (204/521) 14% (83/593) 57% (100/174) 56% (373/663)
TP53 p.K132N 42% (101/241) 42% (48/113) 36% (228/625) 12% (92/753) 38% (78/204) 40% (339/841)

JAK3 p.T21M 35% (60/172) 40% (56/141) 27% (253/939) 12% (100/834) 36% (122/340) 29% (343/1181)
TSC1 p.S1046C 32% (31/98) 41% (55/134) 25% (132/521) 8% (43/518) 32% (59/182) 28% (179/636)
NF1 p.V2420fs 30% (153/511) 49% (61/124) 39% (186/483) 12% (92/761) 38% (49/159) 45% (328/726)
CDH1 p.159_171

PPISCPENEKGPF>L
27% (56/210) 50% (46/92) 33% (197/605) 12% (93/758) 38% (52/138) 36% (265/731)

MLL3 p.G292E 14% (64/446) 18% (30/168) 7% (67/1002) 4% (48/1183) 9% (31/352) 9% (73/831)
CTNNB1 p.A522G 5% (12/256) 39% (60/155) 24% (130/551) 8% (47/618) 27% (54/198) 26% (164/641)
PIK3C2G p.K978N 3% (16/492) 45% (113/250) 23% (176/752) 10% (80/803) 22% (44/200) 28% (268/960)
GATA1 p.K315N 3% (5/192) 32% (35/111) 29% (313/1071) 14% (154/1067) 27% (100/370) 25% (419/1648)
EPHB1 p.I332M 2% (5/211) 26% (25/96) 26% (261/1015) 13% (120/919) 30% (102/343) 26% (348/1322)
ESR1 p.E380Q 2% (7/287) 68% (106/157) 46% (339/737) 19% (158/823) 58% (160/275) 53% (534/1009)
PAK7 p.E494* 2% (5/304) 38% (56/148) 28% (202/715) 12% (83/701) 25% (55/224) 30% (273/897)
MAP2K2 p.E207Q NRD (2/137) 35% (40/113) 27% (221/815) 13% (106/823) 27% (72/270) 29% (309/1076)
FLT4 p.R282Q NRD (2/89) 26% (12/47) 34% (225/667) 15% (98/638) 33% (89/270) 32% (266/820)
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cells, MAF>50%; light gray cells, MAF 20-50%; pale gray cells, MAF 5-20%, and white cells, 

MAF<5% or no mutation identified (NRD, not reliably detected). Plasma 1, baseline; plasma 2, 2 

months after initiation of AKT inhibitor Ipatasertib treatment; plasma 3, 6 months after initiation 

AKT inhibitor Ipatasertib treatment; plasma 4, at disease progression.   

 

Evidence of tumour heterogeneity was observed, given that the liver metastasis was 

enriched for mutations either only present at low allele fractions in the primary tumour (i.e., <5% 

MAF; PIK3C2G, GATA1, EPHB1, ESR1 and PAK7) or found at a MAF beyond the resolution 

obtained with the sequencing depth achieved for the primary tumour sample (i.e., FLT4 and 

MAP2K2 mutations)(Table 2.1 and Figure 2.3).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Identification of the mutant alleles in the primary tumour and metastasis in (A) and 

(C) and longitudinal monitoring of same mutant alleles in four plasma-derived ctDNA samples 

along with CA15.3 levels in (B) and (D). Genes whose high confidence mutations were detected 

at a mutant allele fraction (MAF) of ≥5% in the primary tumour are depicted in (A) and (B), 

whereas genes whose high confidence mutations were detected in the plasma-derived ctDNA, 
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but either absent or present at a MAF of <5% in the primary tumour, are illustrated in (C) and 

(D). In (B) and (D), representative PET–CT images obtained at baseline and 2 months after 

initiation of Ipatasertib monotherapy; CA15.3 levels assessed during the fourth line of systemic 

treatment with Ipatasertib monotherapy. Arrow, initiation of Ipatasertib (AKTi) monotherapy. PD, 

progressive disease; *PET–CT, pharmacodynamic response. 

 

In the longitudinal monitoring of the patient, the mutant allele fractions identified in 

ctDNA samples varied over time and mirrored the pharmacodynamic response to the targeted 

therapy as assessed by positron emission tomography–computed tomography (Figure 2.3). 

Moreover, the increase in mutant alleles in plasma-derived ctDNA was observed before 

radiologic disease progression (data not shown), and before the increase in CA15.3 levels, 

providing evidence to suggest that increases in disease burden can be detected earlier by 

ctDNA analysis than by classical biochemical and radiologic assessments. 

 

Discussion and conclusions 

This proof-of-principle study demonstrates that high-depth targeted massively parallel 

sequencing of plasma-derived ctDNA constitutes a potential tool for de novo mutation 

identification and monitoring of somatic genomic alterations during the course of targeted 

therapy, and may be employed to overcome the challenges posed by intra-tumour genetic 

heterogeneity (10). 

Breast and other cancers, at the time of diagnosis, have been shown be composed of 

heterogeneous populations of tumour cells that, in addition to the founder genetic events, 

harbour private mutations (43). Here we demonstrate that mutations affecting ESR1, CTNNB1, 

PIK3C2G, GATA1, EPHB1, PAK7, MAP2K2 and FLT4, albeit present at allele fractions ≥26% in 

the metastatic lesion, were likely present in a minor clone of the primary tumour (i.e., MAFs 

≤5%). Notably, in the present case all mutations detectable by targeted massively parallel 

sequencing of the metastatic lesion were also detected in the plasma ctDNA samples, showing 

that ctDNA may constitute an alternative to metastatic lesion sampling for targeted massively 

parallel sequencing analysis.  

Activating ESR1 mutations have been identified in endocrine-resistant metastatic lesions 

while not detectable in the respective primary breast cancers (44-46). In this study, the 

endocrine therapy resistance-associated ESR1 E380Q mutation was present at a higher allele 

fraction in the ER-positive liver metastasis (MAF 68%) than in its synchronous ER-positive 

primary breast cancer (MAF 2%). Importantly, however, the biopsies of the synchronous primary 
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and metastatic lesions were collected before any systemic therapy. It remains to be determined 

whether the ESR1 E380Q mutation provided a growth advantage at the metastatic site 

irrespective of treatment or merely co-segregated with other molecular alterations present in the 

clone that gave rise to the metastatic deposit.  

A limitation of this work relies in the fact that the analyses were carried out utilizing DNA 

extracted from a single patient with a high disease burden and using targeted sequencing. The 

amounts of plasma DNA obtained from this patient were insufficient for whole genome or whole 

exome sequencing analysis at the depth that would be required to determine whether a specific 

genomic alteration would be selected by the administration of the targeted therapy, and to 

define whether there were mutations affecting genes not included in the MSK-IMPACT platform 

that would be present in the primary tumour and/or in the metastasis.    

Although the longitudinal analysis of plasma ctDNA was valuable for disease monitoring, 

the analysis of the plasma DNA sample at progression did not result in the identification of a 

genetic aberration causative of resistance to Ipatasertib monotherapy. Although resistance to 

AKT inhibition may be mediated by adaptive changes (e.g. activation of up-stream receptor 

tyrosine kinases), it is unknown whether this mechanism would induce resistance to the 

Ipatasertib monotherapy in patients harboring AKT1 mutations. 

In conclusion, high-depth targeted capture massively parallel sequencing analysis of 

plasma-derived circulating tumour DNA represents a potential tool to characterise the mutation 

repertoire of breast cancers and to monitor tumour burden and the somatic alterations in cancer 

cells during the course of targeted therapy.  
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Chapter 3: Cerebrospinal fluid-derived circulating tumour DNA better represents the 

genomic alterations of brain tumours than plasma 

Introduction 

The outcomes for patients with CNS malignancies remain poor. A growing 

understanding of the molecular features of GBM and brain metastasis from solid tumours has 

stimulated the discovery of biomarkers and the development of novel therapies, including the 

use of molecularly-based targeted agents (23, 30, 47-49). 

There are several challenges and pitfalls while managing patients with CNS 

malignancies because of the lack of consistent biomarkers to assist in the diagnosis, serial 

monitoring and potential mechanisms of resistance to therapy (47). Therefore, many patients 

are subjected to invasive surgical procedures to determine disease status or experience 

treatment delays when radiographic imaging precludes accurate assessment of tumour 

response or progression (50). 

The genomic characterisation and monitoring of brain malignancies is puzzling given the 

restricted sampling of tumours and the limited abundance of brain tumour-derived ctDNA in the 

plasma (12, 26, 27). In patients with primary brain tumours, the presence of ctDNA derived from 

plasma is minimal probably as a result of the blood-brain barrier. Analysis of an alternative body 

fluid which is in contact with the CNS malignant cells, the CSF, has shown evidence that nucleic 

acids, tumour cells, proteins, tumour-derived extracellular vesicles shed by cancer cells into the 

CSF to be a source of tumour-specific biomarkers (14, 25, 27-30, 33, 35, 51). 

Because cell-free DNA from brain and spinal cord tumours cannot usually be reliably 

detected in the plasma, we hypothesised that CSF would serve as a liquid biopsy of brain 

malignancies by enabling measurement of ctDNA from CSF to characterise tumour-specific 

genomic alterations, monitor brain tumours over time and that ctDNA CSF would be superior to 

plasma (14) (Figure 3.1). 

Plasma ctDNA CSF ctDNA 

Figure 3.1. Schematics for comparison 
CSF ctDNA and plasma ctDNA. 
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Objectives 

• Compare the collection of genetic alterations of the CSF ctDNA with that of plasma 

ctDNA in patients with primary and secondary CNS malignancies.  

• Assess whether the analysis of CSF ctDNA could be useful for the characterisation of 

brain tumour ‘private’ somatic mutations.  

• Assess whether the analysis of CSF ctDNA may serve for longitudinal monitoring of 

brain malignancies. 

• Compare CSF ctDNA with cytopathologic analysis (leptomeningeal carcinomatosis, LC).  

 

Results 

Genomic characterisation of CSF ctDNA in brain malignancies 

Hybridization capture-based massively parallel targeted sequencing (Appendices 

Supplementary Data 1) and/or exome sequencing coupled with droplet digital PCR (ddPCR) 

was applied to synchronous CSF and plasma-derived ctDNA, and tumour tissue deposits from 

the patients with GBM, medulloblastoma (Medullo), and brain metastases from lung cancer 

(BMLC) and from breast cancer (BMBC, six of them subjected to warm autopsies) including 

breast cancer patients with clinical features suggestive of LC. 

In all cases, except BMBCs, CSF was obtained at the same time as plasma through 

lumbar puncture or cerebral shunts normally obtaining 1-2 ml of CSF. Tumours and fluids from 

all 6 cases of BMBCs were obtained through warm autopsy and the CSF was collected from the 

cisterna magna. 

 

CSF ctDNA performs better than plasma ctDNA 

In order to study and compare the ctDNA present in the CSF with plasma ctDNA, we 

sequenced DNA obtained from tumour samples, germline DNA (peripheral blood lymphocytes), 

plasma and CSF of a cohort of 12 patients (4 GBM, 6 BMBCs, 2 BMLCs) (Appendices Table 

A1). Patients were divided into two groups depending on the amount of extracranial tumour 

burden (Appendices Table A2). Figure 3.2 shows the representation of the non-silent genetic 

alterations from each of the twelve cases (i.e., patients with restricted CNS disease and patients 

with disseminated disease - CNS and non-CNS disease) and phylogenetic trees of the 

autopsied patients with brain metastasis from breast cancer are represented.  

In all cases, somatic single nucleotide variants (SNVs), insertion/deletions (indels) and 

copy number alterations (CNA) were identified in CSF ctDNA and plasma ctDNA, and validated 

in the brain tumour tissue from the respective patients (Figures 3.2 and 3.3) 
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Figure 3.2. CSF ctDNA better captures the genomic alterations in patients with brain tumours 

than plasma ctDNA. (a,b) Analysis of CSF ctDNA, plasma ctDNA and primary brain tumour or 

metastatic lesions collected simultaneously. Heatmap of the non-silent genetic alterations from 

each of the twelve cases is shown and phylogenetic trees of the autopsied patients with brain 

metastasis from breast cancer (BMBC) are represented. Colour key for mutant allelic 

frequencies (MAFs) is shown. (a) Patients with restricted central nervous system (CNS) 

disease, glioblastoma (GBM), BMBC and brain metastasis from lung cancer (BMLC). (b) 

Patients with CNS and non-CNS disease. BM, brain metastasis; LN, lymph node; Men, 

meninges; P. Imp, pericardium implant; PT, para-tracheal; PP, peri-pancreatic. 
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Figure 3.3. Gene copy number alterations across the brain tumour, CSF, plasma which were 

collected simultaneously in (a) a patient with glioblastoma (b) a patient with brain metastasis 

from breast cancer (BMBC). Note that plasma ctDNA did not play a role in such patients with

minimal or absent CNS disease. 
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In addition, we sequenced the DNA concomitantly extracted from the CSF and plasma in 

an expansion cohort of 11 patients (2 Medullos, 5 BMLCs, 4 BMBCs) with CNS restricted 

disease and barely any visceral tumour burden in order to facilitate the comparison of the 

contribution of the brain tumour DNA into the CSF or plasma ctDNA (Figure 3.4, Appendices 

Table A3). In all cases, CSF ctDNA was detected and harboured gene mutations that were 

either absent or detected with lower MAFs in plasma ctDNA. 

Figure 3.4. Expansion cohort comparing CSF ctDNA and plasma ctDNA collected 

simultaneously in patients with brain tumours. Heatmap of the non-silent genetic alterations 

from each of the cases is shown. Colour key for mutant allelic frequencies (MAFs) is 

represented. 

Our experiments confirmed that ctDNA-derived from the CSF characterised the genomic

alterations of CNS disease better than plasma in both primary and secondary brain tumours 

(14) (Figures 3.2, 3.3, 3.4).  
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In a subset analysis of a breast cancer autopsies series, patients with CNS restricted 

disease (i.e., minimal or absent extra-cranial disease), the mutations present in brain metastasis 

were captured by ctDNA in CSF and not in plasma. By contrast, in patients with abundant 

visceral disease, tumour-derived mutations in the CSF and plasma ctDNA were comparable.  

In the case of samples from the autopsy material of patients BMBC2, BMBC3, BMBC4 

and BMBC6, we had enough number of specimens to infer phylogenetic trees representing the 

genomic subclonal diversity and be able to identify trunk ubiquitous genetic mutations. 

Interestingly, trunk mutations were always identified in the CSF ctDNA (Figure 3.2).  

Notably, CSF-derived ctDNA identified CNS-specific private mutations (i.e. brain and 

meningeal private mutations) in a patient with Li Fraumeni syndrome and concurrent two 

neoplasms (i.e., HER2-positive metastatic breast cancer and esthesioneuroblastoma) (Figure 

3.2b and Figure 3.5). The patient displayed two sets of tumours: the breast cancer-derived 

brain metastasis and, independently, the meningeal implants and liver metastases (Figure 3.5). 

The mutations of the brain metastasis were not present in the extracranial tumours and, 

moreover, three private gene mutations (PIK3CB M819L, PIK3CB Q818H, AHNAK2 L5292V) 

were exclusively present in the meningeal lesion (Figure 3.2b – see boxed mutations). The 

gene mutations with the highest MAFs of the brain metastasis and the private mutations in the 

meningeal lesions were present in the CSF ctDNA and not in the plasma ctDNA indicating that 

brain private mutations are more represented in the ctDNA from CSF than plasma.  
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Figure 3.5. Genomic analysis of a patient with Li Fraumeni syndrome and a diagnosis of both 

HER2-positive metastatic breast cancer and esthesioneuroblastoma (BMBC3). The brain 

metastasis was inferred to be originated from the HER2-positive metastatic breast cancer, as 

ERBB2 gene copy amplification is shown at the genomic position 17q12. Micrographs 

representing (a) brain metastasis; (b) meninges; (c) liver metastasis. Scale bar = 500 μm 

Sensitivity analysis of CSF ctDNA and plasma ctDNA 

In patients with a CNS restricted disease, the MAFs in all samples of CSF ctDNA were 

significantly higher than in plasma (Figure 3.6). The sensitivity for somatic mutations of the CNS 

was significantly higher in CSF ctDNA than plasma ctDNA (Figure 3.7, Appendices Table A4).  

It should be noted, however that some mutations were detected in the CSF or plasma 

but not in the brain tumour specimen (Figure 3.2). These could be potential false positives or 

mutations not present in the sequenced tumour fragment but present in another region of the 

brain tumour. In patients with abundant visceral disease (Figure 3.2), the MAFs of the gene 

mutations in the CSF and plasma ctDNA were comparable.
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Longitudinally monitoring of primary brain tumours and brain metastasis with CSF 

ctDNA 

Concomitantly CSF and plasma were obtained from six patients (GBM and metastatic 

breast and lung cancer patients with brain metastasis and minimal or absent extracranial 

disease) at sequential time points (Figure 3.8).  

Brain lesions were identified using magnetic resonance imaging (MRI) and brain tumour 

burden was quantified using computer aided planimetric analysis (Appendices Table A5). The 

tumour somatic genomic alterations, previously identified in the tumours by exome sequencing, 

were determined in the CSF-derived DNA of the patients through ddPCR. The MAFs in all 

samples of CSF ctDNA were higher than in plasma (Appendices Table A6), were modulated 

over time and followed the same trend as the variation in brain tumour burden.  

MAFs of CSF ctDNA decreased with surgical resection and/or responses to systemic 

therapy and increased with tumour progression, showing that the amount of ctDNA present in 

the CSF fluctuates with time and may be representative of the brain tumour progression.  

For instance, patient GBM3 is 64 year-old woman with diagnosis of temporal 

glioblastoma (IDH1 negative, EGFR mutant) (Figure 3.8). She was subjected to partial 

resection of the brain tumour. Then, she was treated with a targeted therapy plus temozolomide, 

concomitantly with whole brain radiotherapy. The mutations EGFR R108K, FTH1 l146T, 

OR51D1 R135C targeted in the body fluids (i.e., CSF and plasma) by ddPCR were substantially 

enriched in CSF ctDNA as compared to plasma and dropped after surgical resection, reflecting 

the findings of the MRI of the brain.  
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Figure 3.8. Dynamic changes in CSF ctDNA recapitulate the treatment courses of patients with 

brain tumours. Longitudinal monitoring of patients with GBM and brain metastases through CSF 

and plasma ctDNA and the analysis of brain tumour burden. Gene mutations were measured by 

ddPCR. Tumour volumes were calculated using computer aided planimetric analysis. Timelines 

reflect the most relevant clinical information for each patient. BS, brain surgery; BMS, brain 

metastasis surgery; CNS, central nervous system; NSCLC_S, non-small cell lung cancer 

surgery; PD, progressive disease; RT, radiotherapy; TMZ, temozolomide. Asterisk and arrow 

indicate time of magnetic resonance imaging and surgical procedure, respectively. Grey boxes 

indicate therapy or follow up, and their duration is provided in months. 
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CSF ctDNA complements the diagnosis of leptomeningeal carcinomatosis 

Leptomeningeal carcinomatosis (LC) represents a rare but often dreadful complication of 

advanced cancers. It refers to the multifocal seeding of the leptomeninges by malignant cells.  

Signs and symptoms such as headache, nuchal rigidity, motor weakness, cranial nerve 

palsies and photophobia indicates meninges involvement and should lead to rapid work-up and 

treatment. LC diagnosis relies on clinical symptomatology, detection of malignant cells in the 

CSF by CSF cytology (spinal tap) and MRI. Diagnosis of LC is not trivial and its misdiagnosis 

has important clinical implications. The treatment goal is to improve the neurological status of 

the patient and to prolong survival. 

The identification of CSF ctDNA led to the hypothesis that cell-free DNA in the CSF 

could be used as a diagnostic tool for LC. To define whether the analysis of CSF ctDNA can be 

employed to enhance the sensitivity of the detection of LC by cytopathologic analysis of CSF, 

standard of care cytopathologic analysis was performed and CSF ctDNA sequencing in the 

same samples obtained from three breast cancer patients with clinical signs and symptoms 

suggestive of LC. 

Importantly, there were divergences between the cytology and the CSF ctDNA analyses 

(Figure 3.9).  
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In BMBC2, although three cytopathologic analyses yielded negative results, MAFs 

ranging from 20 to 50% in the two CSF samples were detected in the samples that were 

available. Given that LC was confirmed at the autopsy of BMBC2, the results indicated that the 

CSF ctDNA analysis detected disease at a level not detectable by cytopathologic analysis.  

In BMBC1, one of the cytopathologic analysis was discordant with the presence of CSF 

ctDNA while in BMBC4 the results of the cytopathologic analysis and the CSF ctDNA were in 

agreement. In both cases, BMBC1 and BMBC4, LC was confirmed at the autopsy.  

 

Discussion and conclusions 

In this study (14), we identified and characterised ctDNA in the CSF of patients with 

brain malignancies and compared it to plasma ctDNA. We showed that CSF ctDNA is more 

representative of brain tumour genomic alterations than plasma and putative actionable gene 

mutations and CNA (i.e. EGFR, PTEN, ESR1, IDH1, ERBB2, FGFR2) can be identified and 

monitored.  

CSF ctDNA has a significantly higher sensitivity than plasma for CNS genomic 

alterations and can be used to detect brain tumour private mutations and to monitor brain 

tumour progression and response to treatment. In addition, CSF may be a useful biomarker to 

complement the diagnosis of LC. 

GBM is a dreadful condition characterised by predictable tumour relapse. Notably, 

relapsed tumours tend to evolve under selective pressures (i.e., therapy) and present different 

genomic alterations than the primary tumour (52). Surgical procedures (resection and biopsies) 

are seldom indicated in relapsed GBM limiting its genomic characterisation and precluding the 

treatment of the relapsed GBM based on genomic information. CSF ctDNA provides a minimally 

invasive method to assess the genomic alterations of the relapsed tumour helping to select the 

optimal treatment dictated by the molecular characteristics of the brain cancer.  

Patients with brain metastasis also exhibit a dismal prognosis and are usually 

recalcitrant to treatments. Recent evidence show that clinically actionable alterations present in 

brain metastases are frequently not detected in primary biopsies, suggesting that sequencing of 

primary biopsies alone or other systemic metastasis may miss a substantial number of 

opportunities for targeted therapy (48, 53-55). The identification and monitoring of the brain 

metastasis’ specific genomic alterations through CSF ctDNA may expedite the design of tailored 

treatments to target brain metastasis.  

Patients that have LC have dismal outcomes and have lack of effective therapeutic 

options. Our results pave the way to the possibility of using CSF ctDNA to complement the 
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diagnosis of LC. The identification of the molecular makeup of each patient is critical in tackling 

cancer with greater precision. Further studies with a higher number of patients will be needed to 

consolidate this methodology for the diagnosis and longitudinal monitoring of patients with LC.  

In summary, these results build a proof-of-concept that opens the possibility to use CSF 

ctDNA in the management of patients with brain malignancies. 
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Chapter 4: Final Conclusions 

The genomic characterisation of cancers to guide treatment assessments is 

progressively being applied in medical oncology clinical care and in clinical trials. However, 

these genomic analyses, including mutation and copy number alterations, are typically 

performed on tumour tissue biopsies acquired at diagnosis and are subjected to sample 

availability and sampling bias due to tumour heterogeneity. The personalisation of cancer 

treatments have adopted the so-called ‘liquid biopsies’, particularly cell-free ctDNA detected in 

plasma and body fluids as tools to non-invasively scan tumour genomes, quantify tumour 

burden, and monitor systemic therapies to identify therapy resistance.  

The ancillary article presented “Capturing intra-tumour genetic heterogeneity by de 

novo mutation profiling of circulating cell-free tumour DNA: a proof-of-principle” (10) 

published in Annals of Oncology in 2014, shows that plasma-derived ctDNA can be exploited as 

a liquid biopsy for patients with metastatic breast cancers and high tumour burden. The inter-

metastatic heterogeneity (i.e., mutation repertoire of a primary tumour and a synchronous 

metastasis) and the modulation of these mutations during the course of targeted therapy can be 

uncovered using plasma ctDNA. These results can be applicable in other scenarios and cancer 

types, considering the sequencing technology has sufficient sensitivity and specificity for 

capturing mutations in plasma ctDNA. Therefore, ctDNA constitutes a potential surrogate for 

tumour DNA obtained from tissue biopsies, also provides a means for longitudinal analysis of 

tumour genomes, and may be employed to understand tumour heterogeneity. 

The main article presented “Cerebrospinal fluid-derived circulating tumour DNA 

better represents the genomic alterations of brain tumours than plasma” (14) published in 

Nature Communications in November 2015 shows that the analysis of CSF ctDNA is superior in 

terms of genomic characterisation and monitoring of CNS malignancies in comparison to 

plasma ctDNA. The results indicate that CSF ctDNA can be exploited as a liquid biopsy for brain 

malignancies and can open new research avenues to establish these biomarkers as non-

invasive tools for the genomic characterisation, diagnosis, serial monitoring and determining 

outcomes without the need of invasive procedures.  

Taken together, ctDNA present in the CSF for brain malignancies and ctDNA present in 

the plasma for breast cancers with extra-cranial systemic metastases may be used to 

characterise metastasis-specific genomic alterations providing information to adapt the 

therapeutic management of patients. 
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Appendices Figure A1. Representative micrographs of the primary breast cancer (A, C, E, G) 

and its liver metastasis (B, D, F, H). Both the primary breast cancer and its liver metastasis are 

estrogen receptor (ER)-positive, progesterone receptor (PR) positive and HER2-negative. A and 

B, Hematoxylin & eosin staining; C and D, ER immunohistochemistry (Novocastra, Leica 

Biosystems Newcastle Ltd, UK, 6F11, 7 ml Bond ready-to-use, Heat Induced Epitope Retrieval 

(HIER) pH 9); E and F, PR immunohistochemistry (Novocastra, Leica Biosystems Newcastle 

Ltd, UK, SAN27, 7 ml Bond ready-touse, HIER pH 6); G and H, HER2 immunohistochemistry 

(PATHWAY® HER2, clone 4B5; Ventana Medical Systems Inc., Tucson, AZ). Original 

magnification10x. 

 

 

Appendices Table A1. Patients’ clinical details. 

 
Case 

 
Tumour 
type 
 

Biopsy site Clinical summary 

GBM1 
 

Glioblastoma Brain tumour 
(secondary 
GBM) 

33 year-old woman with diffuse low-grade 
astrocytoma in the right frontal and temporal lobes. 
The patient was operated and received 
chemotherapy and WBRT. After 5 years free of 
disease, she developed neurologic symptoms and 
had documented recurrence on MRI. Following 
treatment with temozolomide, she progressed later on 
and she was subjected to partial resection of the 
brain tumour, which showed evidence of secondary 
glioblastoma, IDH1 positive. Patient had fast clinical 
deterioration and received palliative care until she 
passed away. 

GBM2 
 

Glioblastoma Primary brain 
tumour  

52 year-old man with diagnosis of glioblastoma. 
Following partial resection of the brain tumour, 
patient received WBRT plus concomitant and 
adjuvant temozolomide. He progressed months 
later as observed on MRI. After clinical 
deterioration, he received palliative care until he 
passed away. 

GBM3 
 

Glioblastoma Primary brain 
tumour 

64 year-old woman with diagnosis of temporal 
glioblastoma (IDH1 negative, EGFR mutant). She 
was subjected to partial resection of the brain tumour. 
Then, she was treated with a targeted therapy plus 
temozolomide, concomitantly with WBRT. 
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GBM4 
 

Glioblastoma Primary brain 
tumour 
(secondary 
GBM) 

54 year-old man with anaplastic astrocytoma. The 
tumour was subjected to suboptimal exeresis and the 
patient received chemotherapy and WBRT. After 12 
months, a new exeresis was performed which 
showed evidence of secondary glioblastoma. Patient 
received a new line of chemotherapy, and upon 
progression, was enrolled in a clinical trial. Patient 
had no clinical benefit and passed away.  

BMBC1 
 

Metastatic 
breast cancer 

Brain 
metastasis 

56 year-old woman diagnosed with ductal invasive 
ER-positive, HER2-negative early breast cancer 
(T2N0M0). After 10 years, she developed bone 
metastasis. She received multiple lines of treatments 
with stable disease for 33 months when she 
presented neurologic symptoms. Following MRI and 
serial cytological spinal fluid examination, a diagnosis 
of leptomeningeal carcinomatosis was established 
and WBRT was administered. Further disease 
progression in the brain was observed and the patient 
was enrolled in a palliative care program due to poor 
performance status. 

BMBC2 
 

Metastatic 
breast cancer 

Meningeal 
implants 

35 year-old woman diagnosed with ductal invasive 
ER-positive, HER2-negative breast cancer 
(T1cN0M0) in 2007. She had breast conservative 
surgery and received standard adjuvant therapy. In 
2010, a biopsy confirmed bone metastasis and the 
patient received endocrine-based therapy and local 
RT. After multiple lines of endocrine, chemotherapy 
and targeted therapy due to bone and lung 
progression, the patient developed neurologic 
symptoms. Signs of leptomeningeal carcinomatosis 
were detected on the MRI but three serial spinal fluid 
cytological analyses were negative. After WBRT and 
a new line of chemotherapy, visceral disease 
progression was observed. 

BMBC3 
 

Metastatic 
breast cancer 

Brain 
metastasis 
and 
meningeal 
implants 

33 year-old woman diagnosed with ductal invasive 
carcinoma ER-positive, HER2-positive breast cancer 
(cT2N2M1) in 2006. The patient received first-line 
therapy with the anti-HER2 trastuzumab and 
chemotherapy, achieving almost complete response. 
After bone progression, she received multiple lines of 
trastuzumab combined with endocrine or 
chemotherapy. Subsequently, a diagnosis of Li-
Fraumeni syndrome (germline TP53 mutation) was 
confirmed. In 2009, she presents disease 
progression in CNS, bone and breast received WBRT 
and was treated with targeted therapies. In 2012, due 
to a right nasal cavity mass and palpable cervical 
lymph node, a diagnosis of a secondary primary 
tumour (esthesioneuroblastoma) was made and the 
patient received local RT combined with cisplatin and 
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etoposide. Further disease progression was 
observed in brain, bone (a biopsy was done and had 
HER2-positive status) and visceral sites and the 
patient received further lines with cytotoxic agent and 
anti-HER2 therapy. 

BMBC4 
 

Metastatic 
breast cancer 

Meningeal 
implants 

43 year-old woman diagnosed with locally 
advanced ductal invasive ER-positive, HER2-
positive breast cancer (cT4bN2M0) in 2006. After 
neoadjuvant chemotherapy, patient was submitted 
to mastectomy, adjuvant endocrine treatment, and 
trastuzumab. In 2009, she developed bone and 
liver metastases and received several lines of anti-
HER2-based systemic therapies, including a 
targeted therapy and trastuzumab. After presenting 
mentonian paresthesias, leptomeningeal 
carcinomatosis was clinically diagnosed and 
treated with WBRT. Two months after the patient 
passed away. 

BMBC5 
 

Metastatic 
breast cancer 

Brain 
metastasis 

36 year-old woman diagnosed with invasive ductal 
carcinoma ER-negative, HER2-positive breast 
cancer (cT3N3M1) in 2012. The patient received 
first-line therapy with the anti-HER2 trastuzumab 
plus paclitaxel; following successive visceral and 
brain progression (2013), patient received WBRT 
and more 3 lines of anti-HER2 therapies combined 
with cytotoxic and targeted agents until she passed 
away in 2014. 

BMBC6 
 

Metastatic 
breast cancer 

Brain 
metastasis 

37 year-old woman diagnosed with invasive ductal 
carcinoma ER-positive (pT2N1M0) in 1993. She 
had a mastectomy and received standard adjuvant 
therapy. In 1995, bone metastasis was diagnosed 
and the patient received endocrine-based therapy 
and local RT. In 2013, after multiple lines of 
endocrine, chemotherapy and targeted therapy due 
to bone and hepatic progression, the patient 
developed neurologic symptoms. A brain MRI 
confirmed the diagnosis of brain metastases and 
WBRT was administered. Patient received a new 
line of chemotherapy and passed away.  

BMLC1 
 

Non-small cell 
lung cancer 

Brain 
metastasis 

36 year-old woman with non-small cell lung 
adenocarcinoma (stage IV, EGFR mutation). Patient 
was subjected to partial resection of thoracic disease 
(lobectomy and pleural implants) and received post-
operative chemotherapy. Following new surgical 
intervention, received another post-operative 
chemotherapy. After disease progression, she 
received treatment with erlotinib. After two years, she 
developed neurologic symptoms and had 
documented progressive disease documented in 
brain MRI. She was subjected to incomplete resection 
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of the left parietal-occipital brain metastasis, which 
harbored an activating EGFR mutation (exon 21) and 
carried on treatment with erlotinib. Following brain 
RT, and due to persistence of brain disease on MRI, 
patient was operated again. After two months, patient 
had evidence of progressive disease in mediastinum 
and was treated with targeted therapies. Patient had 
partial response in mediastinum and no evidence of 
recurrence in the brain. 

BMLC2 
 

Non-small cell 
lung cancer 

Brain 
metastasis 

69 year-old man with non-small cell lung 
adenocarcinoma. Patient was operated (pT2N2M0, 
EGFR and ALK negative) and kept in clinic-
radiological follow up. Four months after, he 
developed neurologic symptoms and had 
documented progressive disease on brain MRI. He 
was subjected to complete resection of the left 
temporal brain metastasis, and further received 
WBRT, being disease free.  

BMLC3 
 

Non-small cell 
lung cancer 

Brain 
metastasis 

65 year-old man with non-small cell lung 
adenocarcinoma (T4N3M0). The patient is treated 
with chemotherapy and radiotherapy, achieving 
complete response. Twelve months after, he 
developed neurologic symptoms and had 
documented progressive disease on brain MRI. He 
was subjected to complete resection of the 
cerebellar brain metastasis, being disease free.  

 

Abbreviations: ALK, anaplastic lymphoma kinase; CNS, central nervous system; EGFR, 

epidermal growth factor receptor; ER, estrogen receptor, GBM, glioblastoma; MRI, magnetic 

resonance imaging; WBRT, whole brain radiotherapy. 

 

Appendices Table A2. Tumour burden of patients with central nervous system disease (CNS)-

restricted disease and CNS and non-CNS (disseminated disease).  

 

 
Case 

 
Site of metastases Lesions on last imaging scans 

CNS restricted 

GBM1 CNS Lesion in the right frontal lobe (55x60mm) 
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GBM2 CNS Lesion in the corpus callosum (39x16x19 mm). 

GBM3 CNS Lesion in the left temporal lobe (50x28 mm). 

GBM4 CNS Right parieto-occipital mass (85x58x53 mm). 

BMBC1 

CNS Right thalamic mass (5.6 x 4.2mm), meningeal 
implants (not measurable). 

Non-CNS Mild pleural, pericardial implants and bone 
metastasis (not measurable). 

BMBC5 

CNS 

Multiple supra and infratentorial brain 
metastases: left frontal (15x19 mm), right parietal 
(13x24mm), basal ganglia (12x10 mm), occipital 
(10x8 mm). 

Non-CNS Hepatic subcentimeter lesion in segment IV. 

BMLC3 

CNS Pre-surgical cerebellar brain metastasis 
(37x33x34 mm). 

Non-CNS No evidence of thoracic disease. 

CNS and non-CNS (disseminated disease) 

BMBC2 

CNS Meningeal implants in left and right parietal 
convexity. 

Non-CNS 

Liver with about 60-70% of the parenchyma 
involved with metastasis (greater lesions: 
43x40mm and 27x27mm, liver longer axis 
27cm), pleural and abdominal effusion and 
multiple bone metastases (not measurable). 
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Appendices Table A3. Expansion cohort of patients in which CSF ctDNA and plasma ctDNA 

are compared.  

 
Patient ID Tumour Type 

 
Brain metastasis from breast cancer 
BMBC7 Brain metastasis from ER-positive / HER2-negative breast cancer 
BMBC8 Brain metastasis from ER-negative / HER2-negative breast cancer 
BMBC9 Brain metastasis from ER-positive / HER2-negative breast cancer 
BMBC10 Brain metastasis from ER-positive / HER2-negative breast cancer 
Brain metastasis from lung cancer 

BMBC3 

CNS 

Left temporo-occipital (30x16mm), right frontal 
(7x6 mm), extra-parenchymatous falx cerebri 
(10x11mm), esphenoidal lesion (not 
measurable). 

Non- CNS 
Moderate left pleural effusion, hepatic 
subcentimeter lesion in segment II, multiple bone 
metastases (not measurable). 

BMBC4 

CNS Meningeal implants in brain and cervical spinal 
cord (not measurable). 

Non-CNS 

Liver (21x18mm, 15x21mm, 39x15mm, 
29x22mm, and others - longer axis 21cm, 30-
40% parenchyma involved), para-tracheal lymph 
node (8x7mm), peri-pancreatic lymph node 
(13x10mm), multiple bone metastases (not 
measurable). 

BMBC6 

CNS 
Pre and post central gyrus lesions (18x18 mm), 
multiple left fronto-parietal gyrus lesions, 
posterior fossa (vermis lesion 3 mm). 

Non-CNS 

Multiple liver metastases: segment V/VIII (69x55 
mm), segment IV (59x43 mm), segment III 
(18x17mm). Peritoneal implants and multiple 
bone metastases (not measurable). 

BMLC1 

CNS Left parieto-temporal brain lesion (32x23x26 
mm) and left parieto-occipital lesion (27x14 mm). 

Non-CNS Pulmonary lesion in left upper lobe (5.8x4 mm). 
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BMLC4 Non-small cell lung cancer  (large cell carcinoma) 
BMLC5 Non-small cell lung cancer  (adenocarcinoma, KRAS mutation) 
BMLC6 Non-small cell lung cancer  (large cell carcinoma) 
BMLC7 Non-small cell lung adenocarcinoma (ALK translocation) 
BMLC8 Non-small cell lung adenocarcinoma  
Primary brain tumours 
Medullo1 Medulloblastoma  (classic type) 
Medullo2 Medulloblastoma (anaplastic type) 

 

Appendices Table A4. Analysis of sensitivity for central nervous system (CNS) and non-CNS 

disease, CSF ctDNA and plasma ctDNA. 
 
CNS restricted  

  MSK-
IMPACT 

MSK-
IMPACT 
and 
breast 
panel  

N of all 
SNVs 
and 
indels 

Present in 
CSF and 
CNS  

Present in 
plasma 
and CNS  

GBM1 Yes   5 1/3  
(33.3%) 

0/3 
(0%) 

GBM2 Yes   3 1/3  
(33.3%) 

0/3 
(0%) 

GBM3 Yes   1 1/1  
(100%) 

0/1 
(0%) 

GBM4 Yes   4 1/2  
(50%) 

0/2 
(0%) 

BMBC1   Yes 21 6/7  
(85.7%) 

0/7 
(0%) 

BMBC5 Yes   15 4/15  
(26.6%) 

0/15 
(0%)  

BMLC3 Yes   9 7/9  
(77.8%) 

0/9  
(0%) 

Mean      8.4 58% 0% 
CNS and non-CNS (disseminated disease) 

BMBC2   Yes 28 6/16  
(37.5%) 

6/16  
(37.5%) 

BMBC3   Yes 17 6/16  
(100%) 

3/16 
(50%) 

BMBC4   Yes 16 3/5  
(60%) 

5/5 
(100%) 

BMBC6 Yes   18 8/10  
(80%) 

9/10 
(90%) 

BMLC1 Yes   4 1/4  
(25%) 

0/4 
(0%) 

Mean      16.6 60.5% 55.5% 
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Appendices Table A5. Tumour volume measurements as per computer aided planimetric 
analyses.  

Patient ID 

 Volume of brain 
lesions (cm3) 

Time 
Point 1  

Time 
Point 2 

GBM1 82.24 70.32 
GBM2 N/A 8.98 
GBM3 49.36 4.7 

BMLC1  20.99 0 
BMLC2  6.71 0 

 
Abbreviation: N/A, not available.  
 

 

Appendices Table A6. Gene mutations and their respective mutant allelic frequencies in the 

CSF ctDNA and plasma ctDNA as determined per digital PCR. 

 
 

Case 
 

Gene Amino acid 
Change  CSF 1 CSF 2 Plasma 1 Plasma 2 

GBM1 
IDH1  R132H 21.8% 22.7% 0.0% N/A 
TP53  R114C 40.0% 42.0% 0.0% N/A 
ANK2  K2337X 30.0% 27.2% 0.0% N/A 

GBM2 
EGFR  C620S 2.9% N/A 0.4% N/A 
PTEN  D162V 0.8% N/A 0.0% N/A 

GBM3 
EGFR  R108K 92.6% 0.0% 0.3% 0.0% 
FTH1  I146T 2.0% 0.0% 0.0% 0.0% 
OR51D1  R135C 17.0% 0.0% 0.0% 0.0% 

BMBC1 
POLE  E318K 22.8% 70.9% 10.7% 1.0% 
ARID5B  E572K 22.2% 30.9% 9.8% 2.0% 
PCDH1   S190C 38.8% 77.9% 13.6% 2.0% 

BMLC1 
CD9  W22L 0.2% 0.0% 0.0% 0.2% 
EGFR  L858R 0.1% 0.0% 0.0% 0.0% 

BMLC2 
ADAMTS12  T982K 15.5% 0.0% 0.0% 0.2% 
AHRR  G353C 20.8% 0.0% 0.0% 0.0% 

Median 
(range)  -  - 20.8%  

(0.1-92.6) 
0%  
(0-77.9) 

0%  
(0-13.6) 

0.1%  
(0-2.0) 

 
Abbreviation: N/A, not available.  
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Appendices Supplementary Data 1. List of the customized breast cancer and MSK-IMPACT 

platforms (254 breast cancer-associated genes and 341 cancer-associated genes) involved in 

the targeted capture massively parallel sequencing employed in these studies. 

 
MSK-IMPACT panel  Breast Panel  Unique genes to 

both panels 
Common genes 
to both panels 

ABL1 ABCA13 ABL1 AKT1 
AKT1 ABCB1 AKT1 AKT2 
AKT2 ADAMTSL1 AKT2 AKT3 
AKT3 AGFG2 AKT3 APC 
ALK AHNAK2 ALK ARAF 

ALOX12B AK9 ALOX12B ARID1A 
APC AKAP9 APC ATM 
AR AKT1 AR ATR 

ARAF AKT2 ARAF ATRX 
ARID1A AKT3 ARID1A AURKA 
ARID1B ANK3 ARID1B AURKB 
ARID2 AOAH ARID2 BRAF 

ARID5B APC ARID5B BRCA1 
ASXL1 APOBEC1 ASXL1 BRCA2 
ASXL2 APOBEC2 ASXL2 BRIP1 
ATM APOBEC3A ATM CBFB 
ATR APOBEC3C ATR CDH1 

ATRX APOBEC3D ATRX CDK4 
AURKA APOBEC3F AURKA CDK6 
AURKB APOBEC3G AURKB CDKN1A 
AXIN1 APOBEC3H AXIN1 CDKN1B 
AXIN2 APOBEC4 AXIN2 CDKN2A 
AXL ARAF AXL CDKN2B 
B2M ARID1A B2M CHEK1 
BAP1 ATM BAP1 CHEK2 

BARD1 ATN1 BARD1 CTCF 
BBC3 ATR BBC3 CTNNB1 
BCL2 ATRX BCL2 EGFR 

BCL2L1 AURKA BCL2L1 ERBB2 
BCL2L11 AURKB BCL2L11 ERBB3 

BCL6 AURKC BCL6 ERBB4 
BCOR BIRC5 BCOR ERCC2 
BLM BRAF BLM ERCC3 

BMPR1A BRCA1 BMPR1A ERCC5 
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BRAF BRCA2 BRAF ESR1 
BRCA1 BRIP1 BRCA1 FANCA 
BRCA2 CACNA1A BRCA2 FANCC 
BRD4 CACNA1C BRD4 FGFR1 
BRIP1 CACNA1E BRIP1 FGFR2 
BTK CBFB BTK FGFR3 

CARD11 CDC25A CARD11 FGFR4 
CASP8 CDC25B CASP8 FOXA1 
CBFB CDC25C CBFB GATA3 
CBL CDH1 CBL GRIN2A 

CCND1 CDK1 CCND1 HIST1H3B 
CCND2 CDK4 CCND2 HRAS 
CCND3 CDK6 CCND3 IGF1R 
CCNE1 CDKN1A CCNE1 INPP4B 
CD274 CDKN1B CD274 IRS1 
CD276 CDKN2A CD276 JAK1 
CD79B CDKN2B CD79B JAK2 
CDC73 CEP164 CDC73 KIT 
CDH1 CHD4 CDH1 KMT2C 
CDK12 CHD6 CDK12 KMT2D 
CDK4 CHEK1 CDK4 KRAS 
CDK6 CHEK2 CDK6 MAP2K1 
CDK8 COL12A1 CDK8 MAP2K2 

CDKN1A CTCF CDKN1A MAP2K4 
CDKN1B CTNNB1 CDKN1B MAP3K1 
CDKN2A CUBN CDKN2A MAPK1 
CDKN2B DCHS2 CDKN2B MDM2 
CDKN2C DCLRE1C CDKN2C MED12 
CHEK1 DEPTOR CHEK1 MET 
CHEK2 DMC1 CHEK2 MLH1 

CIC DOCK11 CIC MRE11A 
CREBBP EGFR CREBBP MSH2 

CRKL EIF4A2 CRKL MSH6 
CRLF2 EME1 CRLF2 MTOR 
CSF1R EME2 CSF1R MUTYH 
CTCF EPPK1 CTCF NBN 
CTLA4 ERBB2 CTLA4 NCOR1 

CTNNB1 ERBB3 CTNNB1 NF1 
CUL3 ERBB4 CUL3 NF2 
DAXX ERCC1 DAXX NRAS 

DCUN1D1 ERCC2 DCUN1D1 PALB2 
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DDR2 ERCC3 DDR2 PARP1 
DICER1 ERCC5 DICER1 PDGFRA 

DIS3 ESR1 DIS3 PDGFRB 
DNMT1 ESR2 DNMT1 PIK3CA 

DNMT3A FAM157B DNMT3A PIK3CB 
DNMT3B FANCA DNMT3B PIK3R1 
DOT1L FANCB DOT1L PMS1 
E2F3 FANCC E2F3 PMS2 
EED FANCD2 EED POLE 

EGFL7 FANCE EGFL7 PTCH1 
EGFR FANCF EGFR PTEN 

EIF1AX FANCG EIF1AX RAD50 
EP300 FANCI EP300 RAD51 

EPCAM FANCL EPCAM RAD51B 
EPHA3 FANCM EPHA3 RAD51C 
EPHA5 FBN1 EPHA5 RAD51D 
EPHB1 FGFR1 EPHB1 RAD52 
ERBB2 FGFR2 ERBB2 RAD54L 
ERBB3 FGFR3 ERBB3 RAF1 
ERBB4 FGFR4 ERBB4 RB1 
ERCC2 FMN2 ERCC2 RICTOR 
ERCC3 FOXA1 ERCC3 RPTOR 
ERCC4 FOXC2 ERCC4 RUNX1 
ERCC5 FRG1B ERCC5 SF3B1 

ERG GATA3 ERG SMO 
ESR1 GPS2 ESR1 SPEN 
ETV1 GRB2 ETV1 TBX3 
ETV6 GRIN2A ETV6 TGFBR1 
EZH2 GRIN2B EZH2 TGFBR2 

FAM123B HECW1 FAM123B TP53 
FAM175A HERC2 FAM175A TSC1 
FAM46C HIF1A FAM46C TSC2 
FANCA HIST1H3B FANCA   
FANCC HRAS FANCC   
FAT1 HRNR FAT1   

FBXW7 HSP90AA1 FBXW7   
FGF19 HSP90AB1 FGF19   
FGF3 HUWE1 FGF3   
FGF4 IGF1R FGF4   

FGFR1 INPP4B FGFR1   
FGFR2 IRS1 FGFR2   
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FGFR3 JAK1 FGFR3   
FGFR4 JAK2 FGFR4   

FH KIT FH   
FLCN KMT2C FLCN   
FLT1 KMT2D FLT1   
FLT3 KRAS FLT3   
FLT4 LAMA1 FLT4   

FOXA1 LAMA5 FOXA1   
FOXL2 MACF1 FOXL2   
FOXP1 MAP1A FOXP1   
FUBP1 MAP2K1 FUBP1   
GATA1 MAP2K2 GATA1   
GATA2 MAP2K3 GATA2   
GATA3 MAP2K4 GATA3   
GNA11 MAP2K6 GNA11   
GNAQ MAP3K1 GNAQ   
GNAS MAP3K10 GNAS   

GREM1 MAP3K4 GREM1   
GRIN2A MAP4K4 GRIN2A   
GSK3B MAPK1 GSK3B   
H3F3C MAPK8 H3F3C   
HGF MAPK9 HGF   

HIST1H1C MDM2 HIST1H1C   
HIST1H2BD MDN1 HIST1H2BD   
HIST1H3B MED12 HIST1H3B   

HNF1A MET HNF1A   
HRAS MGAM HRAS   

ICOSLG MGMT ICOSLG   
IDH1 MLH1 IDH1   
IDH2 MLH3 IDH2   

IFNGR1 MRE11A IFNGR1   
IGF1 MSH2 IGF1   

IGF1R MSH3 IGF1R   
IGF2 MSH5 IGF2   

IKBKE MSH6 IKBKE   
IKZF1 MST1L IKZF1   
IL10 MTOR IL10   
IL7R MUTYH IL7R   

INPP4A MXRA5 INPP4A   
INPP4B MYB INPP4B   

INSR NBEAL2 INSR   
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IRF4 NBN IRF4   
IRS1 NBPF1 IRS1   
IRS2 NCOA3 IRS2   
JAK1 NCOR1 JAK1   
JAK2 NCOR2 JAK2   
JAK3 NEB JAK3   
JUN NF1 JUN   

KDM5A NF2 KDM5A   
KDM5C NR1H2 KDM5C   
KDM6A NRAS KDM6A   

KDR PALB2 KDR   
KEAP1 PARP1 KEAP1   

KIT PARP2 KIT   
KLF4 PARP3 KLF4   
KRAS PAXIP1 KRAS   
LATS1 PCNXL2 LATS1   
LATS2 PDGFRA LATS2   
LMO1 PDGFRB LMO1   

MAP2K1 PGR MAP2K1   
MAP2K2 PIK3CA MAP2K2   
MAP2K4 PIK3CB MAP2K4   
MAP3K1 PIK3R1 MAP3K1   

MAP3K13 PLEC MAP3K13   
MAPK1 PLK1 MAPK1   

MAX PLXNA4 MAX   
MCL1 PMS1 MCL1   
MDC1 PMS2 MDC1   
MDM2 POLB MDM2   
MDM4 POLD1 MDM4   
MED12 POLE MED12   
MEF2B POLH MEF2B   
MEN1 POLQ MEN1   
MET PRKCA MET   
MITF PRKCB MITF   
MLH1 PRKCD MLH1   
MLL PRKCG MLL   

KMT2C PRKD1 KMT2C   
KMT2D PTCH1 KMT2D   

MPL PTEN MPL   
MRE11A PTK2 MRE11A   

MSH2 RAD50 MSH2   
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MSH6 RAD51 MSH6   
MTOR RAD51B MTOR   

MUTYH RAD51C MUTYH   
MYC RAD51D MYC   

MYCL1 RAD52 MYCL1   
MYCN RAD54B MYCN   
MYD88 RAD54L MYD88   
MYOD1 RAF1 MYOD1   

NBN RB1 NBN   
NCOR1 RBBP8 NCOR1   

NF1 RELN NF1   
NF2 RICTOR NF2   

NFE2L2 RIF1 NFE2L2   
NKX2-1 RPGR NKX2-1   
NKX3-1 RPS6KB1 NKX3-1   

NOTCH1 RPTOR NOTCH1   
NOTCH2 RUNX1 NOTCH2   
NOTCH3 SAAL1 NOTCH3   
NOTCH4 SF3B1 NOTCH4   

NPM1 SHC1 NPM1   
NRAS SHROOM4 NRAS   
NSD1 SMO NSD1   

NTRK1 SOS1 NTRK1   
NTRK2 SPEN NTRK2   
NTRK3 SPRY1 NTRK3   
PAK1 SPTA1 PAK1   
PAK7 SRCAP PAK7   

PALB2 STAT1 PALB2   
PARK2 STAT3 PARK2   
PARP1 SVEP1 PARP1   
PAX5 TBL1XR1 PAX5   

PBRM1 TBX3 PBRM1   
PDCD1 TENM1 PDCD1   

PDGFRA TGFBR1 PDGFRA   
PDGFRB TGFBR2 PDGFRB   
PDPK1 TGFBR3 PDPK1   

PHOX2B TOP2A PHOX2B   
PIK3C2G TP53 PIK3C2G   
PIK3C3 TP53BP1 PIK3C3   
PIK3CA TSC1 PIK3CA   
PIK3CB TSC2 PIK3CB   



Leticia De Mattos-Arruda                                                                                                                                         PhD thesis 
 

48

PIK3CD TYK2 PIK3CD   
PIK3CG UBR4 PIK3CG   
PIK3R1 USP36 PIK3R1   
PIK3R2 WDFY3 PIK3R2   
PIK3R3 XBP1 PIK3R3   

PIM1 XPA PIM1   
PLK2 XPC PLK2   

PMAIP1 XRCC1 PMAIP1   
PMS1 XRCC2 PMS1   
PMS2 XRCC3 PMS2   

PNRC1 ZFHX3 PNRC1   
POLE ZFHX4 POLE   

PPP2R1A ZFP36L1 PPP2R1A   
PRDM1 ZNF384 PRDM1   

PRKAR1A ZNF703 PRKAR1A   
PTCH1   PTCH1   
PTEN   PTEN   

PTPN11   PTPN11   
PTPRD   PTPRD   
PTPRS   PTPRS   
PTPRT   PTPRT   
RAC1   RAC1   

RAD50   RAD50   
RAD51   RAD51   

RAD51B   RAD51B   
RAD51C   RAD51C   
RAD51D   RAD51D   
RAD52   RAD52   

RAD54L   RAD54L   
RAF1   RAF1   
RARA   RARA   
RASA1   RASA1   

RB1   RB1   
RBM10   RBM10   

RECQL4   RECQL4   
REL   REL   
RET   RET   

RFWD2   RFWD2   
RHOA   RHOA   

RICTOR   RICTOR   
RIT1   RIT1   
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RNF43   RNF43   
ROS1   ROS1   

RPS6KA4   RPS6KA4   
RPS6KB2   RPS6KB2   
RPTOR   RPTOR   
RUNX1   RUNX1   
RYBP   RYBP   
SDHA   SDHA   

SDHAF2   SDHAF2   
SDHB   SDHB   
SDHC   SDHC   
SDHD   SDHD   
SETD2   SETD2   
SF3B1   SF3B1   

SH2D1A   SH2D1A   
SHQ1   SHQ1   

SMAD2   SMAD2   
SMAD3   SMAD3   
SMAD4   SMAD4   

SMARCA4   SMARCA4   
SMARCB1   SMARCB1   
SMARCD1   SMARCD1   

SMO   SMO   
SOCS1   SOCS1   
SOX17   SOX17   
SOX2   SOX2   
SOX9   SOX9   
SPEN   SPEN   
SPOP   SPOP   
SRC   SRC   

STAG2   STAG2   
STK11   STK11   
STK40   STK40   
SUFU   SUFU   
SUZ12   SUZ12   

SYK   SYK   
TBX3   TBX3   
TERT   TERT   
TET1   TET1   
TET2   TET2   

TGFBR1   TGFBR1   
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TGFBR2   TGFBR2   
TMEM127   TMEM127   
TMPRSS2   TMPRSS2   
TNFAIP3   TNFAIP3   

TNFRSF14   TNFRSF14   
TOP1   TOP1   
TP53   TP53   
TP63   TP63   

TRAF7   TRAF7   
TSC1   TSC1   
TSC2   TSC2   
TSHR   TSHR   
U2AF1   U2AF1   

VHL   VHL   
VTCN1   VTCN1   

WT1   WT1   
XIAP   XIAP   
XPO1   XPO1   
YAP1   YAP1   
YES1   YES1   

    ABCA13   
    ABCB1   
    ADAMTSL1   
    AGFG2   
    AHNAK2   
    AK9   
    AKAP9   
    ANK3   
    AOAH   
    APOBEC1   
    APOBEC2   
    APOBEC3A   
    APOBEC3C   
    APOBEC3D   
    APOBEC3F   
    APOBEC3G   
    APOBEC3H   
    APOBEC4   
    ATN1   
    AURKC   
    BIRC5   
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    CACNA1A   
    CACNA1C   
    CACNA1E   
    CDC25A   
    CDC25B   
    CDC25C   
    CDK1   
    CEP164   
    CHD4   
    CHD6   
    COL12A1   
    CUBN   
    DCHS2   
    DCLRE1C   
    DEPTOR   
    DMC1   
    DOCK11   
    EIF4A2   
    EME1   
    EME2   
    EPPK1   
    ERCC1   
    ESR2   
    FAM157B   
    FANCB   
    FANCD2   
    FANCE   
    FANCF   
    FANCG   
    FANCI   
    FANCL   
    FANCM   
    FBN1   
    FMN2   
    FOXC2   
    FRG1B   
    GPS2   
    GRB2   
    GRIN2B   
    HECW1   
    HERC2   
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    HIF1A   
    HRNR   
    HSP90AA1   
    HSP90AB1   
    HUWE1   
    LAMA1   
    LAMA5   
    MACF1   
    MAP1A   
    MAP2K3   
    MAP2K6   
    MAP3K10   
    MAP3K4   
    MAP4K4   
    MAPK8   
    MAPK9   
    MDN1   
    MGAM   
    MGMT   
    MLH3   
    MSH3   
    MSH5   
    MST1L   
    MXRA5   
    MYB   
    NBEAL2   
    NBPF1   
    NCOA3   
    NCOR2   
    NEB   
    NR1H2   
    PARP2   
    PARP3   
    PAXIP1   
    PCNXL2   
    PGR   
    PLEC   
    PLK1   
    PLXNA4   
    POLB   
    POLD1   
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    POLH   
    POLQ   
    PRKCA   
    PRKCB   
    PRKCD   
    PRKCG   
    PRKD1   
    PTK2   
    RAD54B   
    RBBP8   
    RELN   
    RIF1   
    RPGR   
    RPS6KB1   
    SAAL1   
    SHC1   
    SHROOM4   
    SOS1   
    SPRY1   
    SPTA1   
    SRCAP   
    STAT1   
    STAT3   
    SVEP1   
    TBL1XR1   
    TENM1   
    TGFBR3   
    TOP2A   
    TP53BP1   
    TYK2   
    UBR4   
    USP36   
    WDFY3   
    XBP1   
    XPA   
    XPC   
    XRCC1   
    XRCC2   
    XRCC3   
    ZFHX3   
    ZFHX4   
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    ZFP36L1   
    ZNF384   
    ZNF703   
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Capturing intra-tumor genetic heterogeneity by de novo
mutation profiling of circulating cell-free tumor DNA: a
proof-of-principle
L. De Mattos-Arruda1,2,3, B. Weigelt3, J. Cortes1, H. H. Won3, C. K. Y. Ng3, P. Nuciforo1,
F.-C. Bidard3,4, C. Aura1, C. Saura1, V. Peg5, S. Piscuoglio3, M. Oliveira1, Y. Smolders3,
P. Patel6, L. Norton7, J. Tabernero1,2, M. F. Berger3,†, J. Seoane1,2,8,† & J. S. Reis-Filho3*,†
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Background: Plasma-derived cell-free tumor DNA (ctDNA) constitutes a potential surrogate for tumor DNA
obtained from tissue biopsies. We posit that massively parallel sequencing (MPS) analysis of ctDNA may help define
the repertoire of mutations in breast cancer and monitor tumor somatic alterations during the course of targeted
therapy.
Patient and methods: A 66-year-old patient presented with synchronous estrogen receptor-positive/HER2-negative,
highly proliferative, grade 2, mixed invasive ductal–lobular carcinoma with bone and liver metastases at diagnosis. DNA
extracted from archival tumor material, plasma and peripheral blood leukocytes was subjected to targeted MPS using a
platform comprising 300 cancer genes known to harbor actionable mutations. Multiple plasma samples were collected
during the fourth line of treatment with an AKT inhibitor.
Results: Average read depths of 287x were obtained from the archival primary tumor, 139x from the liver metastasis and
between 200x and 900x from ctDNA samples. Sixteen somatic non-synonymous mutations were detected in the liver
metastasis, of which 9 (CDKN2A, AKT1, TP53, JAK3, TSC1, NF1, CDH1, MML3 and CTNNB1) were also detected in
>5% of the alleles found in the primary tumor sample. Not all mutations identified in the metastasis were reliably identified
in the primary tumor (e.g. FLT4). Analysis of ctDNA, nevertheless, captured all mutations present in the primary tumor
and/or liver metastasis. In the longitudinal monitoring of the patient, the mutant allele fractions identified in ctDNA samples
varied over time and mirrored the pharmacodynamic response to the targeted therapy as assessed by positron emission
tomography–computed tomography.
Conclusions: This proof-of-principle study is one of the first to demonstrate that high-depth targeted MPS of plasma-
derived ctDNA constitutes a potential tool for de novomutation identification and monitoring of somatic genetic alterations
during the course of targeted therapy, and may be employed to overcome the challenges posed by intra-tumor genetic
heterogeneity.
Registered clinical trial: www.clinicaltrials.gov, NCT01090960.
Key words: massively parallel sequencing, breast cancer, cell-free tumor DNA, intra-tumor heterogeneity, disease
monitoring

introduction
Massively parallel sequencing (MPS) studies have revealed that
cancers are characterized by remarkable genetic complexity, and

that intra-tumor genetic heterogeneity is not an uncommon
phenomenon [1–6]. The spatial and temporal intra-tumor
genetic heterogeneity documented in breast cancers [4, 5, 7, 8]
may have important implications for biomarker discovery pro-
grams and targeted cancer therapeutics [9, 10].
Given the spatial and temporal heterogeneity documented

between primary cancers and metastatic lesions [2, 11], primary
tumor biopsies may not constitute an ideal source for the
genetic characterization of metastatic disease and extensive†MFB, JS and JSR-F contributed equally to this work.
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sampling of metastatic deposits is often unfeasible [2, 6, 9, 10].
Hence, approaches that provide a global assessment of the constel-
lation of somatic genetic alterations in a cancer irrespective of
its anatomical location would be required for the identification
of potential therapeutic targets and mechanisms of resistance, in
particular in the context of patients with metastatic disease.
Minimally invasive approaches that may help overcome the

challenges posed by intra-tumor spatial and temporal hetero-
geneity and by the sampling bias stemming from the analysis of
single-tumor biopsies have been developed [10, 12–15]. Plasma-
derived cell-free tumor DNA (ctDNA) has been tested as a po-
tential non-invasive surrogate for tumor tissue biopsies [10].
Given that ctDNA is believed to be shed into the circulation by
cancer cells from both the primary tumor and/or its metastases,
it may constitute a source of tumor material from all disease
sites, offering a real time, easily obtainable and minimally inva-
sive tool for the development of molecular biomarkers [9, 10].
Recent studies have shown that somatic genetic alterations can

be identified by MPS-based analysis of ctDNA from plasma of
breast cancer patients [13–18]. Thus, the genomic characteriza-
tion of plasma ctDNA has introduced new means to investigate
the metastatic process and mechanisms of therapeutic resistance,
and to monitor actionable driver somatic genomic alterations
during the course of therapy in breast cancer patients [9, 13–15,
17, 19, 20].
We hypothesize that MPS analysis of plasma-derived ctDNA

of breast cancer patients would constitute a means to identify and
monitor the presence of potentially actionable driver somatic
genomic alterations during the course of therapy. In this proof-
of-concept study, we demonstrate that MPS analysis of plasma-
derived ctDNA resulted in the identification of the complete rep-
ertoire of mutations detected in the metastatic lesion, and that
changes in mutant allele fractions (MAFs) in ctDNA mirrored
the pharmacodynamic response to targeted monotherapy.

patient andmethods

patient
A 66-year-old, postmenopausal woman was diagnosed with an estrogen recep-
tor (ER)-positive/HER2-negative, grade 2, mixed invasive ductal–lobular car-
cinoma of the breast and synchronous bone and liver metastases at Vall
d’Hebron University Hospital (Barcelona, Spain) in July 2010. Imaging-
guided biopsies of the primary tumor and liver metastasis were obtained
before the initiation of systemic therapy. Following three lines of chemother-
apy (i.e. paclitaxel-, anthracycline- and capecitabine-based therapies; Figure 1)
and disease progression, the patient underwent a molecular pre-screening
program in November 2011. The analysis of archival primary breast tumor
material by Sequenom MassARRAY® revealed the presence of an AKT1 E17K
mutation, with an MAF of 88% (supplementary Table S1, available at Annals
of Oncology online). Based on these results, the patient was enrolled in the
phase I study PAM4743g (Clinicaltrials.gov, NCT01090960) in January 2012
and treated with Ipatasertib (GDC-0068), a highly selective, orally available
pan-AKT inhibitor [21] as the fourth line of therapy. A dose of 600 mg once
daily (maximum tolerated dose in the expansion cohort was 400 mg) was
administered on a 3-week-on/1-week-off treatment schedule, until documen-
ted disease progression in September 2012. Plasma samples were collected at
baseline (i.e. before therapy), and during the treatment with Ipatasertib at 2
months, 6 months and at the time of disease progression. Response was

assessed using the RECIST criteria (1.1) [22]. This study was approved by the
IRB of Vall d’Hebron University Hospital.

DNA extraction
The diagnosis of the primary breast tumor and synchronous liver metastasis
was confirmed by histologic review (supplementary Figure S1, available at
Annals of Oncology online). Five 10-μm thick formalin-fixed paraffin-em-
bedded (FFPE) sections of the primary breast tumor and liver metastasis
were microdissected with a needle under a stereomicroscope to ensure >80%
of tumor cell content, as previously described [23]. DNA from tumor
samples was extracted using the RecoverAll™ Total Nucleic Acid Isolation
Kit (Ambion, Austin, TX) for FFPE tissue, and germline DNAwas extracted
from peripheral blood leukocytes using the QIAamp DNA Blood Mini Kit
(Qiagen, Valencia, CA), according to the manufacturers’ instructions.
Plasma-derived DNA was extracted with the QIAamp Circulating Nucleic
Acid Kit (Qiagen), as per the manufacturer’s protocol. DNA was quantified
using the Qubit Fluorometer (Invitrogen, Life Technologies, Grand Island,
NY).

targeted massively parallel sequencing
DNA samples from the primary breast cancer, liver metastasis, and from
multiple plasma samples as well as germline DNA obtained from peripheral
blood leukocytes were subjected to targeted capture MPS at the Integrated
Genomics Operation (iGO), Memorial Sloan Kettering Cancer Center using
the Integrated Mutation Profiling of Actionable Cancer Targets (IMPACT)

platform [24], which comprises 300 cancer genes known to harbor action-
able mutations as previously described (supplementary Table S2, available at
Annals of Oncology online) [3]. In brief, barcoded sequence libraries were
prepared (New England Biolabs, KapaBiosystems) using 22–250 ng of input
DNA, pooled and captured using oligonucleotides for all protein-coding
exons of the 300 genes (NimblegenSeqCap) [3]. Sequencing was carried out
on an Illumina HiSeq2000 (San Diego, CA). Sequence alignment as well as
calling of somatic single-nucleotide variants and small insertions and dele-
tions were carried out as previously described [3, 24]. All candidate muta-
tions were reviewed manually using the Integrative Genomics Viewer [25].
Mutations with an allele fraction of <1% and/or supported by ≤2 reads were
disregarded.

Sequenom analysis
As a molecular pre-screening tool to select patients for clinical trials, 600 ng of
DNA from the primary tumor was subjected to mutation profiling using a
customized version of the OncoCarta Panel v1.0 (Sequenom MassARRAY®,
San Diego, CA) (supplementary Table S1, available at Annals of Oncology
online). Data analyses and mutation reports were generated using the
Sequenom® software.

results
High-depth targeted MPS was carried out with DNA obtained
from the ER-positive/HER2-negative primary breast cancer and
synchronous liver metastasis sampled at the time of diagnosis, and
multiple plasma samples collected during the fourth line of
therapy with Ipatasertib. Ipatasertib monotherapy provided benefit
in terms of long-lasting radiologic and biochemical responses as
shown by CA15.3 levels (Figure 2), and stable disease as per
RECIST 1.1 was the best response achieved by the patient and
lasted for ∼8 months. We subsequently compared the patient’s
progression-free survival (PFS) on Ipatasertib (A) with the PFS for
the most recent therapy on which the patient had experienced
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Figure 1. Patient disease presentation, treatment timeline and mutant alleles in the primary breast tumor, liver metastasis and plasma-derived DNA. Biopsies of the primary breast cancer and its

synchronous liver metastasis were obtained before initiation of therapy. Following three lines of chemotherapy, the patient was treated with the AKT inhibitor Ipatasertib, and multiple plasma samples were obtained
during the course of treatment. DNA samples extracted from the primary tumor, metastasis and plasma samples were subjected to targeted high-depth massively parallel sequencing. Not all mutations identified in
the metastasis were reliably identified in the primary breast tumor; however, all mutations present in the primary tumor and/or liver metastasis were found in ctDNA.
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progression (i.e. capecitabine-based) (B) [26]. The ratio of the PFS
of period B/PFS of period A was 3.1 (i.e. 7.8 months/2.5 months),
superior to a ratio of >1.3, corroborating the potential clinical
benefit of Ipatasertib monotherapy for this patient [26].

somatic genetic alterations are distinct between the
primary tumor and its metastasis
Targeted capture MPS showed average read depths of 287x and
139x in the archival primary breast cancer and its liver metasta-
sis, respectively, and 76x in the normal sample. Fifteen somatic
non-synonymous mutations were detected in the primary
tumor (CDKN2A, AKT1, TP53, JAK3, TSC1, NF1, CDH1,
MLL3, CTNNB1, PIK3C2G, GATA1, EPHB1, ESR1 and PAK7),
all of which were also detected in the liver metastasis (Table 1).
Mutations affecting FLT4 and MAP2K2 were present in the liver
metastasis (present in 12/47 reads and 40/113 reads, respective-
ly), but could not be reliably detected in the primary tumor
(found in 2/89 reads and 2/137 reads, respectively).
Analysis of the primary tumor and its liver metastasis

revealed similar MAFs of the AKT1 (70% and 72% in the
primary tumor and its metastasis, respectively) and TP53 (42%
in the primary tumor and its metastasis) somatic mutations

present in these samples (Table 1). On the basis of the allele
fractions of the mutations affecting these two genes, it would be
reasonable to hypothesize that these mutations were clonally
distributed in the cancer cells of both the primary tumor and its
liver metastasis. Evidence of intra-tumor genetic heterogeneity
was, however, observed, given that the liver metastasis was
enriched for mutations either only present at low allele fractions
in the primary tumor (i.e. <5% MAF; PIK3C2G, GATA1,
EPHB1, ESR1 and PAK7) or found at a MAF beyond the reso-
lution obtained with the sequencing depth achieved for the
primary tumor sample (i.e. FLT4 and MAP2K2 mutations;
Table 1 and Figure 2). Targeted capture MPS also confirmed the
presence of the AKT1 E17K mutation identified by Sequenom
MassARRAY® during the molecular pre-screening program at
Vall d’Hebron University Hospital (Table 1 and supplementary
Table S1, available at Annals of Oncology online).

ctDNA analysis captures the heterogeneity of
primary tumor and metastasis
Targeted capture MPS of the multiple plasma-derived DNA
samples yielded average read depths ranging from 209x to 918x.
Importantly, MAFs of up to 57% and 58% for AKT1 E17K and
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ESR1 E380Q were detected in the plasma DNA, respectively,
providing evidence to suggest that most of the cell-free plasma
DNA obtained from this patient was tumor-derived.
Interestingly, while not all mutations identified in the liver me-

tastasis could accurately be detected in the primary tumor at the
sequencing depth obtained, sequencing analysis of ctDNA from
this patient captured the entire repertoire of mutations found in
the primary tumor and/or metastatic deposit (Figures 1 and 2,
and Table 1). For instance, a missense mutation in FLT4, present
in the metastasis but found at a MAF beyond the resolution of
targeted MPS of the primary tumor material, was captured in the
plasma-derived ctDNA. All 16 mutations except MLL3 were
found in the baseline plasma ctDNA sample with allelic fractions
of >20% (Table 1). The presence of the AKT1 E17K mutation in
the plasma samples 1 and 2 was validated independently by
means of Sequenom MassARRAY® analysis (44% and 16%
MAFs, respectively; supplementary Table S1, available at Annals
of Oncology online). Further validation of the somatic genetic
aberrations was not possible, given that no additional biological
material was available for the remaining samples.

plasma-derived ctDNA for longitudinal disease
monitoring
In the longitudinal monitoring of the patient during the course of
Ipatasertib treatment, the MAFs identified in ctDNA samples
varied following the administration of the targeted therapy. Two
months after the initiation of the treatment (plasma 2), the

fraction of all mutant alleles detected in the plasma-derived
ctDNA decreased when compared with ctDNA analysis at base-
line (plasma 1), mirroring the pharmacodynamic response as
assessed by PET–CT (Figure 2). Assessment of ctDNA at 6
months of treatment (plasma 3) revealed an increase in the
MAFs of all mutated genes similar to the levels observed at base-
line before treatment (Figure 2 and Table 1). It should be noted,
however, that the MAFs of AKT1 and ESR1 were increased in the
ctDNA at 6 months when compared with baseline (AKT1 E17K
39% plasma 1 versus 57% plasma 3; ESR1 E380Q 46% plasma 1
versus 58% plasma 3; Figure 2 and Table 1). Furthermore, the in-
crease in mutant alleles in plasma-derived ctDNA was observed
before radiologic disease progression (data not shown), and
before the increase in CA15.3 levels (Figure 2), providing evidence
to suggest that increases in disease burden can be detected earlier
by ctDNA analysis than by classical biochemical and radiologic
assessments.

discussion
Here we demonstrate that high-depth targeted MPS of plasma-
derived ctDNA contains representative tumor-derived genetic
material that captured all mutations detected in the primary
tumor and/or its synchronous liver metastasis, and provide a
proof-of-principle that this approach can potentially be employed
as a quantitative marker for disease monitoring of somatic genetic
alterations during the course of targeted therapy.

Table 1. Allele fractions of somatic mutations identified in the primary breast tumor, liver metastasis and plasma samples

Gene Mutation
(amino acid)

Primary tumor
(287x) MAFs
(reads)

Liver metastasis (139x)
MAFs (reads)

Plasma 1
(692x)
MAFs (reads)

Plasma 2
(728x)
MAFs (reads)

Plasma 3
(209x)
MAFs (reads)

Plasma 4
(918x)
MAFs (reads)

CDKN2A p.S12* 82% (23/28) 52% (11/21) 47% (42/89) 6% (7/117) 34% (14/41) 40% (55/137)
AKT1 p.E17K 70% (83/118) 72% (79/110) 39% (204/521) 14% (83/593) 57% (100/174) 56% (373/663)
TP53 p.K132N 42% (101/241) 42% (48/113) 36% (228/625) 12% (92/753) 38% (78/204) 40% (339/841)

JAK3 p.T21M 35% (60/172) 40% (56/141) 27% (253/939) 12% (100/834) 36% (122/340) 29% (343/1181)
TSC1 p.S1046C 32% (31/98) 41% (55/134) 25% (132/521) 8% (43/518) 32% (59/182) 28% (179/636)
NF1 p.V2420fs 30% (153/511) 49% (61/124) 39% (186/483) 12% (92/761) 38% (49/159) 45% (328/726)
CDH1 p.159_171

PPISCPENEKGPF>L
27% (56/210) 50% (46/92) 33% (197/605) 12% (93/758) 38% (52/138) 36% (265/731)

MLL3 p.G292E 14% (64/446) 18% (30/168) 7% (67/1002) 4% (48/1183) 9% (31/352) 9% (73/831)
CTNNB1 p.A522G 5% (12/256) 39% (60/155) 24% (130/551) 8% (47/618) 27% (54/198) 26% (164/641)
PIK3C2G p.K978N 3% (16/492) 45% (113/250) 23% (176/752) 10% (80/803) 22% (44/200) 28% (268/960)
GATA1 p.K315N 3% (5/192) 32% (35/111) 29% (313/1071) 14% (154/1067) 27% (100/370) 25% (419/1648)
EPHB1 p.I332M 2% (5/211) 26% (25/96) 26% (261/1015) 13% (120/919) 30% (102/343) 26% (348/1322)
ESR1 p.E380Q 2% (7/287) 68% (106/157) 46% (339/737) 19% (158/823) 58% (160/275) 53% (534/1009)
PAK7 p.E494* 2% (5/304) 38% (56/148) 28% (202/715) 12% (83/701) 25% (55/224) 30% (273/897)
MAP2K2 p.E207Q NRD (2/137) 35% (40/113) 27% (221/815) 13% (106/823) 27% (72/270) 29% (309/1076)
FLT4 p.R282Q NRD (2/89) 26% (12/47) 34% (225/667) 15% (98/638) 33% (89/270) 32% (266/820)

Color coding: dark gray cells, MAF > 50%; light gray cells, MAF 20%–50%; pale gray cells, MAF 5%–20% and white cells, MAF < 5% or no mutation
identified (NRD, not reliably detected). All mutations detected in both the primary breast tumor and synchronous liver metastasis could be identified in
the multiple plasma samples. Plasma 1, baseline; plasma 2, 2 months after initiation of AKT inhibitor Ipatasertib treatment; plasma 3, 6 months after
initiation AKT inhibitor Ipatasertib treatment; plasma 4, at disease progression.
*, stop codon.
MAF, mutant allele fraction.
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At the time of diagnosis, at least a subset of breast cancers have
been shown to constitute mosaics, being composed of heteroge-
neous populations of tumor cells that, in addition to the founder
genetic events, harbor private mutations [4–8]. Consistent with
this notion, here we demonstrate that mutations affecting ESR1,
CTNNB1, PIK3C2G, GATA1, EPHB1, PAK7,MAP2K2 and FLT4,
albeit present at allele fractions ≥26% in the metastatic lesion,
were likely present in a minor clone of the primary tumor (i.e.
MAFs ≤5%). It should be noted that activating ESR1 mutations
have been identified in endocrine-resistant metastatic lesions
while not detectable in the respective primary breast cancers [27].
In this study, the endocrine therapy resistance-associated ESR1
E380Q mutation [28] was present at a higher allele fraction in the
ER-positive liver metastasis (MAF 68%) than in its synchronous
ER-positive primary breast cancer (MAF 2%). Importantly,
however, the biopsies of the synchronous primary and metastatic
lesions were collected before any systemic therapy. It remains to
be determined whether the ESR1 E380Q mutation provided a
growth advantage at the metastatic site irrespective of treatment
or merely co-segregated with other molecular alterations present
in the clone that gave rise to the metastatic deposit.
Spatial and temporal intra-tumor genetic heterogeneity has

been documented in cancers [2, 5–8, 11, 29], suggesting that
genetic analysis of a single diagnostic biopsy of a primary tumor
may not yield results that are representative of the somatic
genetic aberrations present in the cancer cells of its metastases
[2, 30]. Given that in the present case all mutations detectable
by targeted MPS of the metastatic lesion were also detected in
the plasma ctDNA samples, our findings lend credence to the
notion that ctDNA may constitute an alternative to metastatic
lesion sampling for MPS analysis.
Our study has several limitations. First, the analyses were

carried out utilizing materials from a single patient with a high
disease burden. The high MAFs observed in this study likely
reflect this high tumor burden the patient presented, and there-
fore, an ideal setting for plasma DNA analysis. It is plausible that,
in other settings and cancer types, this approach may not be suffi-
cient, either due to lower tumor burden or due to the fact that
cancer cells may not harbor mutations in any of the genes
included in a given targeted capture panel [9]. In fact, in
Bettegowda et al. [15], the vast majority of metastatic breast
cancer patients had ctDNA detectable in plasma, whereas <50%
of breast cancer patients with early disease had any detectable
levels of ctDNA. Secondly, although ctDNA-targeted capture
analysis was proven useful for disease monitoring, sequencing
analysis of the plasma DNA sample at progression did not result
in the identification of a genetic aberration causative of resistance
to Ipatasertib monotherapy. Although resistance to AKT inhib-
ition may be mediated by adaptive changes (e.g. activation of up-
stream receptor tyrosine kinases [31]), it is unknown whether this
mechanism would induce resistance to the Ipatasertib monother-
apy in patients harboring AKT1mutations. Thirdly, given that all
mutations found in the primary tumor were also detected in the
liver metastasis, we cannot ascertain whether ctDNA not only
capture the entire repertoire of mutations found in the metastatic
lesion, but also that of the primary tumor. Regrettably, the
amounts of plasma DNA obtained from this patient were insuffi-
cient for whole genome or whole exome sequencing analysis at
the depth that would be required to determine whether a specific

somatic genetic aberration was selected for during Ipatasertib
monotherapy and to define whether there would be mutations
affecting genes not included in the IMPACT assay that would be
present in the primary tumor but not in the metastatic lesion.
In conclusion, we have demonstrated that plasma-derived

DNA contains representative tumor genetic material that may
be employed to uncover somatic genetic alterations present in
cancer cells from patients with metastatic disease. Targeted
capture MPS analysis of ctDNA may be a tool to combat intra-
tumor genetic heterogeneity and to monitor tumor somatic
alterations during the course of targeted therapy.
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Cerebrospinal fluid-derived circulating tumour
DNA better represents the genomic alterations
of brain tumours than plasma
Leticia De Mattos-Arruda1,2,3, Regina Mayor1, Charlotte K.Y. Ng2, Britta Weigelt2, Francisco Martı́nez-Ricarte3,4,

Davis Torrejon1, Mafalda Oliveira1, Alexandra Arias1, Carolina Raventos1, Jiabin Tang5, Elena Guerini-Rocco2,

Elena Martı́nez-Sáez4, Sergio Lois4, Oscar Marı́n4, Xavier de la Cruz4,6, Salvatore Piscuoglio2, Russel Towers7,

Ana Vivancos1, Vicente Peg4, Santiago Ramon y Cajal3,4, Joan Carles1, Jordi Rodon1, Marı́a González-Cao8,

Josep Tabernero1,3, Enriqueta Felip1,3, Joan Sahuquillo3,4, Michael F. Berger5,9, Javier Cortes1,3,

Jorge S. Reis-Filho2 & Joan Seoane1,3,6

Cell-free circulating tumour DNA (ctDNA) in plasma has been shown to be informative of the

genomic alterations present in tumours and has been used to monitor tumour progression

and response to treatments. However, patients with brain tumours do not present with or

present with low amounts of ctDNA in plasma precluding the genomic characterization of

brain cancer through plasma ctDNA. Here we show that ctDNA derived from central nervous

system tumours is more abundantly present in the cerebrospinal fluid (CSF) than in plasma.

Massively parallel sequencing of CSF ctDNA more comprehensively characterizes the

genomic alterations of brain tumours than plasma, allowing the identification of actionable

brain tumour somatic mutations. We show that CSF ctDNA levels longitudinally fluctuate in

time and follow the changes in brain tumour burden providing biomarkers to monitor brain

malignancies. Moreover, CSF ctDNA is shown to facilitate and complement the diagnosis of

leptomeningeal carcinomatosis.
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T
he genomic characterization of tumours is crucial for the
optimal diagnosis and treatment of cancer. Given the
reported spatial and temporal intratumour heterogeneity,

repeated biopsies are required for an adequate characterization of
the somatic genetic alterations found in human cancers1,2. This
approach has important limitations, particularly in the case of
brain malignancies3, due to the restricted and invasive access for
sampling tumour material and the challenges to recapitulate the
tumour clonal diversity through the analysis of a small fragment
of the tumour. Recent work has shown that cell-free circulating
tumour DNA (ctDNA) in the plasma could be used to
characterize and monitor tumours4–7. ctDNA analysis of
patients with brain tumours, however, has revealed either
absence or very low levels of tumour DNA in plasma7.

The cerebrospinal fluid (CSF) is in intimate contact with
tumour cells in central nervous system (CNS) cancers and,
recently, ctDNA has been shown to be present in the CSF of
patients with brain tumours8,9. The aim of our work was to
determine whether the analysis of CSF ctDNA could be useful for
the characterization and monitoring of brain tumours in
comparison with plasma ctDNA. We applied hybridization
capture-based massively parallel targeted sequencing and/or
exome sequencing coupled with droplet digital PCR (ddPCR) to
synchronous CSF and plasma-derived ctDNA, and tumour
tissue deposits from patients with glioblastoma (GBM),
medulloblastoma (Medullo), and brain metastases from lung
cancer (BMLC) and from breast cancer (BMBC, six of them
subjected to warm autopsies) including breast cancer patients
with clinical features suggestive of leptomeningeal carcinomatosis
(LC). In this study, we show that ctDNA derived from central
nervous system tumours is more abundantly present in the CSF
than in plasma. CSF ctDNA can be used to detect brain tumour
private mutations and to longitudinally monitor the changes in
brain tumour burden. In addition, we provided evidence that the
analysis of CSF ctDNA may complement the diagnosis of LC.

Results
CSF ctDNA is representative of brain tumours. To study and
compare the ctDNA present in the CSF with plasma ctDNA, we
sequenced DNA obtained from tumour samples, germline DNA
(peripheral blood lymphocytes), plasma and CSF of a cohort of 12
patients (4 GBM, 6 BMBCs, 2 BMLCs; Supplementary Table 1).
In all cases, except BMBCs, CSF was obtained at the same time
than plasma through lumbar puncture or cerebral shunts nor-
mally obtaining 1–2ml of CSF. Tumours and fluids from all six
cases of BMBCs were obtained through warm autopsy and the
CSF was collected from the cisterna magna. We performed tar-
geted capture massively parallel sequencing and, in all cases,
somatic single-nucleotide variants (SNVs), insertion/deletions
(indels) and copy-number alterations (CNA) were identified in
CSF ctDNA and plasma ctDNA, and validated in the brain
tumour tissue from the respective patients (Fig 1a,b,
Supplementary Figs 1 and 2, Supplementary Tables 2, 3,
Supplementary Data 1, 2, 3). The number of genomic alterations
identified through targeted capture sequencing varied from case
to case being more abundant in BMBCs and less abundant in
GBM cases due to the nature of the genes selected for targeted
sequencing. A low rate of mutation capture was observed in the
CSF ctDNA from GBM patients indicating that further work is
required in order to optimize the detection of ctDNA in GBM
cases. CSF ctDNA was identified in all cases while plasma ctDNA
was only detected in patients with abundant visceral disease. This
is in agreement with previous reports4. Our methodology exhibits
a detection limit of 2% mutant allelic frequency (MAF)10 and
patients with low tumour burden present evidence of plasma
ctDNA with MAFs below 2% (ref. 4).

In the case of samples from the autopsy material of patients
BMBC2, BMBC3, BMBC4 and BMBC6, we had enough number
of specimens to infer phylogenetic trees representing the genomic
subclonal diversity and be able to identify trunk ubiquitous
genetic mutations. Interestingly, trunk mutations were always
identified in the CSF ctDNA (Fig. 1b).

In addition, we sequenced the DNA concomitantly extracted
from the CSF and plasma in an expansion cohort of 11 patients
(2 Medullos, 5 BMLCs, 4 BMBCs) with CNS restricted disease
and barely any visceral tumour burden to facilitate the
comparison of the contribution of the brain tumour DNA into
the CSF or plasma ctDNA. In all cases, CSF ctDNA was detected
and harboured gene mutations that were either absent or detected
with lower MAFs in plasma ctDNA (Supplementary Fig. 1).

ctDNA from CSF performs better than plasma. We next sought
to determine whether CSF ctDNA would be more representative
of the brain lesions than plasma ctDNA. To this end we divided
the patients into two groups depending on the amount of
extracranial tumour burden (Supplementary Table 4).

Importantly, in patients with a CNS restricted disease (Fig. 1a,
Supplementary Fig. 1), the MAFs in all samples of CSF ctDNA
were significantly higher than in plasma (Supplementary Fig. 3)
and, moreover, the sensitivity for somatic mutations of the CNS
was also significantly higher in CSF ctDNA than plasma ctDNA
(Fig. 2, Supplementary Table 5). Some mutations were detected in
the CSF or plasma but not in the brain tumour specimen (Fig. 1).
These could be potential false positives or mutations not present
in the sequenced tumour fragment but present in another region
of the brain tumour. In patients with abundant visceral disease
(Fig. 1b), the MAFs of the gene mutations in the CSF and plasma
ctDNA were comparable (Supplementary Fig. 3).

CSF ctDNA recapitulates the private mutations from CNS lesions.
We have recently observed that, in the context of disseminated
disease, brain metastasis might exhibit private gene mutations
different from the ones present in the rest of the tumour lesions11.
We next investigated how CSF and plasma ctDNA might
recapitulate the private mutations from CNS lesions in
metastatic patients. To answer this question, we analysed the
warm autopsy materials of a patient with Li Fraumeni syndrome
and a diagnosis of both HER2-positive metastatic breast cancer
and esthesioneuroblastoma (BMBC3). Two sets of tumours were
present: the breast cancer-derived brain metastasis and,
independently, the meningeal implants and liver metastases
(Supplementary Fig. 4). The gene mutations of the brain
metastasis were not present in the extracranial tumours and,
moreover, we identified three private gene mutations (PIK3CB
M819L, PIK3CB Q818H, AHNAK2 L5292V) exclusively present
in the meningeal lesion. The gene mutations with the highest
MAFs of the brain metastasis and the private mutations in the
meningeal lesions were present in the CSF ctDNA and not in the
plasma ctDNA (Fig. 1b, see boxed mutations) indicating that
brain private mutations are more represented in the ctDNA from
CSF than plasma.

CSF ctDNA is longitudinally modulated throughout treatments.
To address whether the amount of ctDNA present in the CSF
could fluctuate with time and be representative of the brain
tumour progression, we obtained concomitantly CSF and plasma
from six patients (GBM and metastatic breast and lung cancer
patients with brain metastasis) at sequential time points
(Supplementary Table 1, Fig. 3). In all cases, there was a minimal
or absent extracranial disease. Brain lesions were identified
using magnetic resonance imaging and brain tumour burden
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was quantified using computer aided planimetric analysis
(Supplementary Table 6). The tumour somatic genomic altera-
tions, previously identified in the tumours by exome sequencing,
were determined in the CSF-derived DNA of the patients through
ddPCR (Fig. 3). As expected, the MAFs in all samples of CSF
ctDNA were higher than in plasma (Supplementary Table 7).

Importantly, MAFs of CSF ctDNA decreased with surgical
resection and/or responses to systemic therapy and increased
with tumour progression (Fig. 3). The MAFs were modulated
over time and followed the same trend as the variation in brain
tumour burden. These results indicated that CSF may be a useful
biomarker to monitor tumour progression and response to
treatment.

CSF ctDNA complements the diagnosis of LC. The identifica-
tion of CSF ctDNA led us to the hypothesis that cell-free DNA in
the CSF could be used as a diagnostic tool for LC. The diagnosis
of LC relies on the detection of malignant cells in the CSF of
patients with clinical symptoms. Diagnosis of LC is not trivial and
its misdiagnosis has important clinical implications. To define
whether the analysis of CSF ctDNA can be employed to enhance
the sensitivity of the detection of LC by cytopathologic analysis of
CSF, we performed standard of care cytopathologic analysis and
CSF ctDNA sequencing in the same samples obtained from three
breast cancer patients with clinical signs and symptoms sugges-
tive of LC.

Importantly, there were discrepancies between the cytology
and our CSF ctDNA analysis (Fig. 4). In BMBC2, although three
cytopathologic analyses yielded negative results, we detected
ctDNA with MAFs ranging from 20 to 50% in the two CSF
samples that were available (Fig. 4). Given that LC was confirmed
at the autopsy of BMBC2, our results indicated that the CSF
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ctDNA analysis detected disease at a level not detectable by
cytopathologic analysis. In BMBC1, one of the cytopathologic
analysis was discordant with the presence of CSF ctDNA, while in
BMBC4 the results of the cytopathologic analysis and the CSF
ctDNA were in agreement. In both cases, BMBC1 and BMBC4,
LC was confirmed at the autopsy. In summary, our results build a
proof-of-concept that opens the possibility to use CSF ctDNA to
complement the diagnosis of LC. Of note, in the case of patients
with brain metastasis and clinical signs suggestive of LC, the
analysis of CSF ctDNA can be misleading since it will be difficult
to discern whether the ctDNA in the CSF is originated from the
LC or the brain metastasis. Further studies will be needed to
consolidate this methodology for LC diagnosis.

Discussion
In this study, we identified and characterized ctDNA in the CSF
of patients with brain lesions and compared it with plasma
ctDNA. We showed that CSF ctDNA is more representative of

brain tumour genomic alterations than plasma and putative
actionable gene mutations and CNA (that is, EGFR, PTEN, ESR1,
IDH1, ERBB2, FGFR2) can be identified. We observed that CSF
ctDNA has a significantly higher sensitivity than plasma for CNS
genomic alterations and can be used to detect brain tumour
private mutations and to monitor brain tumour progression. In
addition, we provided evidence that the analysis of CSF ctDNA
may complement the diagnosis of LC.

One of the hallmarks of GBM is the fact that all tumours
relapse. Once diagnosed, the GBM tumour is surgically resected
and then the patient receives radio- and chemotherapy
treatments. Even when the surgical resection is complete, the
tumour invariably relapses. Importantly, the relapsed tumour
tends to evolve under treatment and present different genomic
alterations than the primary tumour12. Surgical procedures
(resection and biopsies) are seldom indicated in relapsed GBM
limiting its genomic characterization and precluding the
treatment of the relapsed GBM based on genomic information.
CSF ctDNA provides a minimally invasive method to assess the
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Figure 3 | Dynamic changes in CSF ctDNA recapitulate the treatment courses of patients with brain tumours. Longitudinal monitoring of patients

with GBM and brain metastases through CSF and plasma ctDNA and the analysis of brain tumour burden. Gene mutations were measured by ddPCR.

Tumour volumes were calculated using computer aided planimetric analysis. Timelines reflect the most relevant clinical information for each patient.

BS, brain surgery; BMS, brain metastasis surgery; CNS, central nervous system; NSCLC_S, non-small cell lung cancer surgery; PD, progressive disease;

RT, radiotherapy; TMZ, temozolomide. Asterisk and arrow indicate time of magnetic resonance imaging and surgical procedure, respectively. Grey boxes

indicate therapy or follow up, and their duration is provided in months.
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genomic alterations of the relapsed tumour helping to select the
optimal treatment dictated by the molecular characteristics of
the brain cancer.

On the other hand, patients with brain metastasis exhibit a
dismal prognosis and are usually recalcitrant to treatments. It is
known that, most likely due to the special environment of the
brain, the genomic alterations of brain metastasis differ from the
ones of the visceral malignancies and primary tumours11–15. The
identification of the brain metastasis-specific genomic alterations
through CSF ctDNA might facilitate the design of tailored
treatments to target brain metastasis hopefully increasing the
clinical response of these deadly lesions.

In a context where the oncology field expects that therapeutic
approaches will be dictated and guided by the genomic features of
tumours, the presence of CSF ctDNA will be fundamental to the
correct molecular diagnosis and treatment of brain tumours.
Altogether, our results indicate that CSF ctDNA can be exploited
as a ‘liquid biopsy’ of brain tumours opening a novel avenue of
research in CNS circulating biomarkers with an important impact
in the future characterization, diagnosis, prognosis and clinical
managing of brain cancer.

Methods
Patients. Breast cancer patients with brain metastasis were enrolled as part of the
Vall d’Hebron Institute of Oncology (VHIO) Warm Autopsy Program. Patients
with breast cancer and lung cancer with brain metastasis, and GBM and
medulloblastoma were enrolled as part of VHIO Prospective Translational
Program, which studies plasma and CSF-derived biomarkers. Patients with lung
cancer with brain metastasis were enrolled as part a collaborative effort with
Dexeus University Hospital (Barcelona, Spain) and the research was approved by

the local institutional review board (IRB)/ethics committee of both hospitals.
VHIO Warm Autopsy Program and the Prospective Translational Program were
approved by the IRB of Vall d’Hebron University Hospital (Barcelona, Spain).
Informed consent was obtained from all patients.

DNA extraction. The diagnosis of each metastatic lesion was confirmed on review
of routine hematoxylin and eosin-stained slides6. Ten 8-mm thick sections from
representative fresh frozen metastasis biopsies/resections were cut, stained with
nuclear fast red and microdissected with a needle under a stereomicroscope to
ensure 480% of tumour cell content, as previously described16. DNA from
microdissected tumour samples was extracted using DNeasy Blood and Tissue
Kit (Qiagen, USA), and germline DNA from peripheral blood lymphocytes
(‘buffy coat’) was extracted using the QIAamp DNA Mini Kit (Qiagen) according
to manufacturer’s instructions. CSF-derived and plasma-derived circulating
cell-free DNA was extracted with the QIAamp Circulating Nucleic Acid Kit
(Qiagen, Valencia, CA, USA), as previously described6. DNA was quantified
using the Qubit Fluorometer (Invitrogen).

Targeted capture massively parallel sequencing. DNA samples from CNS
tumours (primary brain tumours or CNS metastases) of 23 cases, non-CNS
metastases, CSF and plasma samples as well as germline DNA were subjected to
targeted capture massively parallel sequencing at the Memorial Sloan Kettering
Cancer Center Integrated Genomics Operation (iGO), using the Integrated
Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT) platform17

targeting all exons of 341 cancer genes harbouring actionable mutations. For four
additional cases with breast cancer and brain metastases (BMBC1-4) were analysed
with a customized breast cancer panel, targeting all exons of 254 genes recurrently
mutated in breast cancer and/or related to DNA repair (Supplementary Data 1)
was also performed. For these four cases, of the 595 genes captured, 107 genes were
common to both targeted capture platforms (that is, 488 unique genes), and were
employed for validation. By applying the methods described above to each targeted
capture platform independently, the validation rate of somatic mutations (SNVs
and indels) affecting the exons of 107 genes present in both platforms was 496%
(Supplementary Table 3).

Targeted sequencing was performed as previously described6,17,18. In brief,
20–450ng of DNA was used to prepare barcoded sequence libraries (New England
Biolabs, Kapa Biosystems), which were pooled at equimolar concentrations for
hybridization exon capture (Nimblegen SeqCap).

Paired-end 100-bp reads were generated on the Illumina HiSeq2000 (San Diego,
CA), and reads were aligned to the reference human genome hg19 using the
Burrows-Wheeler Aligner19. Local realignment, duplicate removal and base quality
recalibration were performed using the Genome Analysis Toolkit20. Somatic SNVs
were called using MuTect21, and small insertions and deletions (indels) were called
using Strelka22, VarScan 2 (ref. 23) and SomaticIndelDetector17. All candidate
mutations were reviewed manually using the Integrative Genomics Viewer24.
Somatic mutations with allelic fractions of o1% and/or supported by o2 reads
were disregarded. The mean sequence coverage of each target exon was subjected
to a loess normalization to adjust for bias in nucleotide composition (GþC) and
compared with the diploid normal sample. Gene copy-number profiles were
generated using circular binary segmentation17.

Exome sequencing of tumour DNA and normal DNA. DNA (500ng) extracted
from brain tumour and germline samples from GBM1, GBM2 and GBM3, BMBC1,
BMLC1 and BMLC2 cases were subjected to exome sequencing. An average of
100 million 100-bp paired-end reads were generated for each sample, equivalent
to an average depth of 260� (range of 190–315� ). Exome sequencing was
performed using the Nextera Rapid Capture Exome kit (37Mb; Illumina) on an
Illumina HiSeq 2000 instrument using a validated protocol25 and according to
the manufacturer’s recommendations (Macrogen).

ddPCR and quantification of circulating tumour-specific DNA. ddPCR
of plasma and CSF were performed using the QX200 Droplet Digital PCR
system (Bio-Rad) according to manufacturer’s protocols and the literature26.
TaqMan-based quantitative PCR assays were designed to specifically detect point
mutations and corresponding wild-type alleles as selected by exome sequencing of
primary brain tumours or brain metastases. Primer sequences are provided in
Supplementary Table 8. Ten nanograms of genomic DNA extracted from tumour
tissue and germline DNA from peripheral blood lymphocytes was used for digital
PCR analysis. In some cases, lower amounts of DNA (for example, 1–5 ng) were
used, due to CSF and plasma DNA yield limitations.

The phylogenetic tree generation. Phylogenetic trees were constructed using the
maximum parsimony method. The trunks of the trees were rooted by a germline
DNA sequence that did not have any of the somatic mutations. Trunk, branch and
sub-branches lengths are proportional to the number of mutations.
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Figure 4 | Analysis of CSF ctDNA as a diagnostic tool for leptomeningeal

carcinomatosis in three metastatic breast cancer patients. The results of
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graph. In the lower part, mutant allelic frequencies (MAFs) measured by

ddPCR in the same CSF samples are depicted. NA, not available.
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Statistical analysis. A Mann–Whitney test was performed for statistical analysis.
Data in graphs are presented as means±s.d.
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