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ABSTRACT ARTICLE HISTORY
Background: Leptomeningeal metastases (LM), associated with poor prognosis, are frequent complica- Received 29 August 2018
tions of advanced non-small cell lung cancer (NSCLC) patients, especially in patients with epidermal Accepted 16 October 2018

growth factor receptor (EGFR) mutations. Due to limited access to leptomeningeal lesions, the muta- KEYWORDS

tional landscape of LM has not been comprehensively investigated in large cohorts and the underlining Non-small cell lung cancer;
biology of LM remains elusive. Some studies have explored the potential of cerebrospinal fluid (CSF) in leptomeningeal metastases;
reflecting the molecular profile of LM but with limited number of patients enrolled. cerebrospinal fluid; genetic
Methods: In this study, we performed capture-based targeted sequencing using a panel consisting of profiles

168 lung cancer-related genes on matched CSF and plasma samples from 72 advanced NSCLC patients

with confirmed LM to interrogate the potential of CSF as a source of liquid biopsy.

Results: We revealed a rate of detection of 81.5% and 62.5% for CSF and plasma, respectively

(p = 0.008). The maximum allelic fraction (MaxAF) was also significantly higher in CSF (43.6% vs. 4.6%)

(p < 0.001). CSF, harboring a unique genomic profile by having a significant number of CSF-specific

mutations, primarily copy number variations, is superior to plasma in reflecting the mutational profile of

LM. Further pathway enrichment analysis revealed that most of CSF-specific mutations participated in

pathways relevant to the tumorigenesis and the development of metastases. Moreover, our data also

revealed that TP53 loss of heterozygosity (LOH) predominantly existed in CSF (p < 0.001).

Conclusions: Collectively, we demonstrated that CSF provides a more comprehensive profile of LM than

plasma in a large cohort, thus can be used as an alternative source of liquid biopsy for LM patients.

Introduction studies have shown circulating tumor DNA (ctDNA) derived
from plasma can be used as a surrogate for reflecting the
genomic profile of solid tumors as well as for diagnosis,
disease monitoring and identification of resistant
mechanisms.'”> However, only low amounts of ctDNA origi-
nating from brain tumors are present in the plasma due to
the blood-brain barrier (BBB).'* Recently multiple studies
have demonstrated the ability of cerebrospinal fluid (CSF),
circulating through the central nervous system (CNS), to
recapitulate the genomic profile of brain lesions.'>'®
Moreover, cfDNA in CSF better represents the genomic
landscape of brain tumors than plasma, thus may serve as a
liquid biopsy to monitor brain tumor evolution.'*™'®
However, only a very limited number of patients with

Leptomeningeal metastases (LM), a form of central nervous
system (CNS) metastases, associated with high mortality,
occurring in 3-5% of advanced non-small cell lung cancer
(NSCLC) patients and 9-10% of epidermal growth factor
receptor (EGFR)-mutant patients.””> LM often represents a
terminal event of NSCLC, with a historical (pre-approval of
contemporary systemic treatment) median survival of
1-3 months to 3-11 months with radiotherapy or
chemotherapy.” EGFR-tyrosine kinase inhibitors (TKIs)
such as erlotinib, osimertinib and AZD3759,°"® has been
used as a targeted therapy of LM from EGFR mutation-posi-
tive NSCLC, and markedly prolong survival.” However, the

aggressive nature and mereasing prevalenF ¢ highlight the ne.:ed NSCLC were included in these studies, and little is known
to understand the underlying mechanisms of LM, which

. . O . . . about the genomic aberrations during LM development in
remains a devastating complication due to the difficulties in . L o .

. . . 10-12 NSCLC patients and the signaling pathways implicated in
accessing leptomeningeal lesions.

: . . . . this metastasis process.'>'®'®
Multiple alternative sampling sources have been investi- P
gated to represent the genomic profile of LM. Numerous
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In this study, we performed capture-based targeted sequen-
cing on matched CSF and plasma samples from 72 patients
with confirmed LM to evaluate the ability of both liquid
biopsy media in repopulating the genomic profile of LM.
Moreover, we performed pathway analysis to further analyze
singling pathways participated in this metastatic process.

Materials and methods
Patients and sample collection

Ninety-two NSCLC adenocarcinoma patients diagnosed with
LM at any of the participating hospitals: Taizhou First
People’s Hospital, Taizhou University Hospital, Nantong
University Affiliated Hospital or Second Aftfiliated Hospital
of Fujian Medical University between February 2016 and
April 2018 were enrolled in this study. The diagnosis criteria
of LM included 1) a positive brain MRI imaging, character-
ized by linear or micronodularpial enhancement 2) a positive
CSF cytology test. Ten milliliter CSF was obtained from 92
patients by lumbar puncture and 10 mL of plasma was col-
lected from 72 of them. All patients provided informed con-
sent and the study was approved by the Research Ethics
Committee of Taizhou University Hospital.

DNA extraction

CSF and plasma cell-free DNA (cfDNA) were extracted with
the QIAamp Circulating Nucleic Acid Kit (Qiagen). DNA was
quantified using the Qubit dsDNA assay (Life Technologies).

Capture-based targeted DNA sequencing

CSF and plasma samples were subjected to capture-based
targeted sequencing using a panel consisting of 168 lung
cancer-related genes. cfDNA fragments were selected by
bead (Agencourt AMPure XP Kit, Beckman Coulter,
California, US) followed by hybridization with capture probes
baits, hybrid selection with magnetic beads and PCR amplifi-
cation. A bioanalyzer high-sensitivity DNA assay was then
performed to assess the quality and size of the fragments
and indexed samples were sequenced on Nextseq500 sequen-
cer (Illumina, Inc., California, US) with pair-end reads.

Sequence data analysis

Burrows-Wheeler aligner 0.7.10'° was used for mapping the
pair-end reads to the human genome (hg19). Local alignment
optimization, variant calling and annotation were performed
using GATK 3.2, MuTect, and VarScan. DNA translocation
analysis was performed using both Tophat2 and Factera 1.4.3.
Variants were filtered using the VarScan filter pipeline. Loci
with depth less than 100 were filtered out. White blood cells
were sequenced to filter out germline mutations. At least 2
and 5 supporting reads were needed for INDELs in plasma
and CSF samples, respectively; while 8 supporting reads were
needed for SNVs to be called in both plasma and CSF sam-
ples. According to the ExAC, 1000 Genomes, dbSNP,
ESP6500SI-V2 database, variants with population frequency
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over 0.1% were grouped as SNP and excluded from further
analysis. Remaining variants were annotated with ANNOVAR
and SnpEft v3.6. DNA translocation analysis was performed
using both Tophat2 and Factera 1.4.3.

Copy number variation was detected by in-house analysis
scripts based on depth of coverage data of capture intervals.
Coverage data was corrected against sequencing bias resulting
from GC content and probe design. The average coverage of
all captured regions was utilized to normalize the coverage of
different samples to comparable scales. Copy number was
calculated based on the ratio between depth of coverage in
tumor samples and average coverage of an adequate number
(n > 50) of samples without copy number variation as refer-
ences as to each capture interval. Copy number variation is
called if the coverage data of the gene region was quantita-
tively and statistically significantly different from its reference
control. The limit of detection for CNVs is 1.5 for deletion
and 2.64 for amplification.

Results
Patient characteristics

This study enrolled 92 advanced Chinese lung adenocarci-
noma patients diagnosed with LM. The median age was
53.9 years old (range, 26-78 years). Among them, 53 patients
were male and 39 were females. Cytology analysis was per-
formed on all CSF samples and adenocarcinoma cells were
found in 51 patients. Sixty-three patients had typical imaging
for LM judged by 2 independent radiologists. Ten patients
were treatment-naive and diagnosed with LM at their initial
diagnosis. The remaining 82 patients developed LM during
treatment. 58 cases carried EGFR mutations, including 25
cases with EGFR 19 del, 26 cases with EGFR L858R, 5 cases
with EGFR exon 20 insertions and 27 cases with other EGFR
mutations.

CSF was superior to plasma in reflecting the genomic
profile of brain metastases

We performed capture-based targeted sequencing to detect
and quantify mutations in CSF and plasma with an average
sequencing depth of 1,442x for CSF and 14,810x for plasma.
We achieved detection rates, defined as having any mutation
detected, of 81.5% (75/92) and 62.5% (45/72) for CSF and
plasma, respectively. Our results revealed that the detection
rate obtained from CSF was significantly higher than from
plasma (p = 0.008) (Figure la). Next, we compared the max-
imum allelic fraction (MaxAF) of CSF and plasma. The aver-
age MaxAF of CSF and plasma were 43.64% and 4.58%,
respectively, demonstrating that CSF had a statistically signif-
icantly higher MaxAF than plasma (p < 0.001) (Figure 1b).
Collectively, our data demonstrate that CSF is superior in
identifying mutations of LM than plasma.

Next, we investigated the genomic profile associated with
CSFE. We identified at least one mutation from CSF of 75
patients (81.5%). The remaining 17 patients had no mutation
detected from this panel. This can be potentially contributed
to the fact that they were undergoing tyrosine kinase inhibitor
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Figure 1. CSF is superior to plasma in reflecting LM. A). Detection rates, defined as having any mutation detected from the panel, in CSF (red) and plasma (blue).
(B) Average maximum allelic fractions in CSF and plasma. (C) Oncoprint of CSF. Each column represents a patient; each row represents a gene. Different types of
mutations were denoted in different colors. The total number of mutations a patient has is summarized by the top bar. The frequency of a mutation in this cohort is
summarized by the side bar. * denotes p values< 0.05. CSF, cerebrospinal fluid; PLA, plasma; CNVs, copy number variations.

treatment. Collectively, we identified 367 mutations, including
152 single-nucleotide variants (SNVs), 51 insertion/deletions
(indels), 127 copy-number amplification (CNA), 29 copy
number deletions and 8 translocations. The most frequent

driven mutation was EGFR, occurring in 58% of patients,
followed by TP53, occurring in 52% of patients (Figure 1c).
In addition, other classic NSCLC driver mutations were also
identified in CSF, including 6 cases with ALK fusion, 1 cases
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with ERBB2 amplification, 16 cases with MET amplification, CSF revealed a unique genomic profile

and 2 cases with RET fusion. We compared and contrasted genomic profiles of CSF and

plasma obtained from 72 patients with matched CSF and
plasma samples (Fig. S1 and Figure 2a). Collectively, we
identified 280 and 137 genomic alterations from CSF and
plasma samples, mapping to 60 and 33 genes, respectively.
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Figure 2. A comparisons of genomic profiles obtained from CSF and plasma. (A) Using genomic profile obtained from CSF as a reference, mutations identified in
CSF only were denoted in pink; mutations only identified in plasma were denoted in blue. Mutations identified from both media were denoted in green. (B) Unique/
shared CNVs and non-CNVs were plotted. Mutations unique to CSF were plotted on top; mutations shared by CSF and plasma were plotted on the bottom. Dark and
light red denote CNV; dark and light blue denote non-CNVs. PLA, plasma; CSF, cerebrospinal fluid; CNVs, copy number variations.
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The pair-wise comparison indicated that mutations revealed
by plasma and CSF were highly divergent, achieving a by-
variant concordance rate of 25%, with 83 mutations shared
between two media. There were 197 and 54 mutations that
were only present in CSF and plasma, respectively (Figure 2a).
EGFR was the most frequently mutated gene in both media,
occurring in 58.33% and 44.44% of CSF and plasma, respec-
tively. TP53 mutation, ALK fusion, and ERBB2 amplification
were also frequently observed and occurring in 50%, 5.6%,
1.4% of CSF and 38.9%, 5.6%, 1.4% of plasma, respectively.
Furthermore, alterations like MET amplification, CDKN2A,
NTRKI and CDK4 mutations were predominantly observed
in CSF (p < 0.05).

Next, we performed a detailed analysis on EGFR muta-
tions. EGFR activating mutations were detected in 51.4% (37/
72) of CSF samples and 38.9% (28/72) plasma sample, result-
ing in a concordance rate of 47.7%, which was marginally
higher than the overall concordance rate (32.7%) observed for
all mutations (p = 0.06). Interestingly, EGFR T790M was the
least concordant, with a concordance rate of 8.3%. It was the
only EGFR mutation which had a higher rate of detection in
plasma. It was detected in 15.3% (11/72) plasma samples, but
only in 2.8% (2/72) of the CSF samples (p = 0.017) (Fig. S1
and Figure 2a). This observation was in an agreement of
previous reports which also reported a much lower frequency
of T790M in CSF and CNS lesions.”*"?

Copy number variations in CSF ctdna

Copy number variations have the potential to underlie diseases
by altering the diploid status of DNA. Next, we performed CNV
analysis to compare and contrast the genomic variability gener-
ated by deletions and amplifications. Overall, a total of 121
CNVs were detected in CSF, and a majority of them (81.8%)
were specific to CSF. Only 18.2% CNV events were shared with
plasma (Fig. S1 and Figure 2b). EGFR copy number gain was the
most frequently observed CNV, occurring in 18 patients (25%)
followed by MET and NTRKI amplification, occurring in 13 and
7 patients, respectively. Other frequently amplified genes
included, CDK4, POMI21L12, BRAF, FGF3 and MYC.
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Furthermore, amplification of NTRKI1, CDK4, BRAF, and
FGF3 were only occurred in CSF. In addition to amplification,
we also observed copy number deletions, including CDKN2A,
SMAD4, FGFRI and TP53, occurring in 9, 4, 3 and 2 patients,
respectively. Collectively, our data demonstrated that CSF har-
bored a significant number of unique CNVs.

TP53 loss of heterozygosity in CSF ctdna

In our cohort, TP53 loss of heterozygosity (LOH) was identi-
fied in 41.7% (30/72) of CSF ctDNA, which was much higher
than in matched plasma (10/72, 13.9%; p < 0.001) (Figure 3a).
Among patients with TP53 mutation, we observed marginally
higher mutation frequencies in EGFR (p = 0.073) and MET
(p = 0.062). Mutations in CDKN2A, FGFR1, EGFR T790M
and NTRKI were only detected in patients with TP53 LOH
(Fig. S1A). Furthermore, patients with TP53 LOH (25/30,
83.3%) were likely to harbor CNVs in CSF than those without
TP53 LOH (2/6, 33.3%; p = 0.024) (Figure 3b). Collectively,
our data revealed distinct genomic profiles between patients
with and without TP53 LOH.

Pathway enrichment analysis

Our data revealed divergent mutation profiles with limited
commonality between CSF and plasma. Next, we performed
independent pathway enrichment analyses for CSF and plasma
based on mutations occurring in more than 2 patients to identify
functionally aberrant pathways. Collectively, 33 genes for CSF
and 18 genes for plasma were used for the analysis. Among
them, 14 genes were overlapped. The enrichment analysis was
performed using DAVID software. The cut-off criteria were
chosen as default included the EASE score (a modified Fisher
Exact p-value proposed by the software) of 0.1 and a minimum
of 2 genes belonging to a pathway. Twenty pathways with p
values < 0.05 were shown in Figure 4a. Estrogen and HIF-1
signaling pathways, occurring in 46% and 47% of patients
respectively, were plasma specific. In contrast, prolactin (PRL),
mTOR and p53 pathways, occurring in 11%, 12%, and 58%
patients respectively, were CSF specific. Other pathways with a
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Figure 3. TP53 LOH in CSF (A) Detection rates of TP53 LOH in CSF vs. plasma. (B) Detection of CNV events in CSF samples with/without TP53 LOH. * denotes p

values< 0.05. CSF, cerebrospinal fluid; PLA, plasma; CNVs, copy number variations.
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Figure 4. Pathway enrichment analyses. Independent pathway enrichment analyses for CSF and plasma based on mutations occurring in more than 2 patients
were performed using DAVID. The cut-off criteria were chosen as default included the EASE score (a modified Fisher Exact p-value proposed by the software) of 0.1
and a minimum of 2 genes belonging to a pathway. Pathways with p values < 0.05 were listed. Percentages on the left of the figure indicate the frequency of a
specific pathway mutated in plasma samples and percentages on the right of the figure indicate the frequency of a specific pathway mutated in CSF samples. *
denotes p values< 0.05. ** denotes p values< 0.01. CSF, cerebrospinal fluid; PLA, plasma.

significant difference in prevalence between the two media
included Ras (p = 0.044), ErbB (p = 0.012), FOXO (p = 0.019),
MAPK P = 0.017), PI3K-Akt signaling pathways (p = 0.004) and
focal adhesion (p = 0.018). Pathways with comparable frequen-
cies included but not limited to Hippo, neurotrophin, Wnt and
cell cycle signaling pathways. Taken together, we have identified
pathways which may facilitate the development of LM.

Discussion

The spread of tumor cells to the leptomeninges is a devastat-
ing complication of lung cancer, as well as other solid tumor
types, including breast cancer and melanoma with exception-
ally high mortality.”>~*° There are formidable challenges asso-
ciated with treating LM, including poor penetration of most
available therapies across the BBB and poorly understood
underlying biology due to inaccessibility. CSF is in intimate
contact with tumor cells in CNS tumors and, recently, ctDNA
has been shown to be present in the CSF of patients with
brain tumors.”’ Owing to the BBB, a majority of plasma
ctDNA is unable to circulate in the brain; thus, CSF ctDNA

is potentially much more comprehensive than that of plasma
in reflecting the genomic profile of LM.'"®

In this study, we identified and characterized mutations
identified from CSF of patients with LM and compared it with
mutation profiles obtained from matched plasma. To the best
of our knowledge, this is the largest study comparing the
mutation profiles of LM obtained from CSF to plasma by
performing capture-based targeted sequencing on 72 matched
CSF and plasma samples. We confirmed that CSF ctDNA is
more representative of mutational spectrum of LM than
plasma evident by the identification of significant number of
unique mutations and CNVs events in CSF. Furthermore, the
MaxAF was significantly higher in CSF than plasma
(p < 0.001). Such phenomenon can be explained by the fact
that ctDNA constitutes a very small fraction of ¢fDNA in
plasma due to the presence of DNA released by normal
cells. In CSF, significantly fewer normal cells are present,
resulting in an increase in the percentage of ctDNA. The
overall concordance in mutations identified between CSF
and plasma was 32.7%; however, the concordance for EGFR
activating mutations was significantly higher (47.7%,
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p = 0.06), potentially attributing to the positive correlation
between EGFR mutation and the development of LM***°.
Other selectively enriched mutations in CSF included TP53
(p = 0.24), MET (p < 0.001), CDKN2A (p = 0.017), NTRKI
(p = 0.033), which all have a role in the development of
metastases. Interestingly, comparing to plasma, we observed
a much lower frequency (2.78%, 2/72) of EGFR_T790M in
CSF, which was consistent with previous reports demonstrat-
ing that EGFR T790M are more likely to occur at extracranial
sites.”>*'™>> This can be explained partially by the low pene-
trance of first-generation EGFR-TKIs to brain tumors due to
low BBB permeability™ thus preventing them from develop-
ing EGFR T790M.

CNVs resulted from genomic instability have been shown
to underlie tumorigenesis including NSCLC. Previous stu-
dies have reported the identification of unique CNVs in
CSF, suggesting that CNVs may be predominately respon-
sible for LM. We observed a significant number of CNV
events frequently occurs in CSF, including but not limited
to MET, NTRKI, CDK4, BRAF, and FGF3, suggesting that
CNVs may act as key events in LM. Such theory has been
supported by several lines of evidence. Studies have
reported that MET amplification, occurring in 18.1% of
our cohort, is associated with the development of NSCLC
brain metastasis and selectively enriched in brain lesions
comparing to paired primary lung tumors.>® Another
study has shown reproducible CNV events in circulating
tumor cells of individual patient regardless of cancer type,
suggesting CNVs occurring at certain loci are responsible
for metastases.”

Pathway enrichment analyses showed that PI3K-Akt sig-
naling pathway is the most enriched pathway in CSF, sig-
nificantly higher than its enrichment in plasma (p = 0.004),
suggesting an important role of this pathway in the devel-
opment of LM. Other significantly enriched pathways in
CSF included but not limited to PRL, mTOR, p53 pathways,
Ras, ErbB, MAPK and focal adhesion pathways. Studies
have shown these pathways participated in metastases.
PRL, also known as luteotropic hormone, secreted from
the pituitary gland, has been reported to be aberrantly
activated in lung tumors, especially in neuroendocrine
tumors,’® suggesting the enrichment of alterations in PRL
pathway might be a shared feature of tumors arise from
endocrine and nervous systems. In addition, PRL may play
several other active roles in tumor development by stimu-
lating angiogenesis®” and activating pro-proliferation and
anti-apoptotic pathways, including but not limited to
PI3K/Akt/mTOR, MEK1/2/ERK1/2, p38MAPK, STAT3,
and p53.°%%

In conclusion, our study interrogating 72 matched CSF and
plasma samples, demonstrate that CSF is a superior liquid
biopsy median than plasma for genomic analysis of LM,
evident by associating with a significantly higher detection
rate and MaxAF. Furthermore, it also provided a more com-
prehensive profile of LM because it identified significant
number of unique CNV events and mutations. To the best
of our knowledge, this is the largest study comparing the

performance of CSF and plasma in reflecting the genomic
profile of LM. Furthermore, we also elucidated pathways
that are important to the development of LM.
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