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Multiplex Gene Profiling of Cell-
Free DNA in Patients With 
Metastatic Melanoma for Monitoring 
Disease

INTRODUCTION

After surgical resection of regional metastatic mel-
anoma, longitudinal molecular profiling would 
greatly aid in monitoring for recurrence, progres-
sion, and therapeutic efficacy.1 Molecular profiling 
of melanoma biopsies or tumors becomes more 
challenging when patients experience progression 
to distant organ metastasis (DOM) as a result of 
procedure-related morbidity risks and limited sam-
pling efficiency in capturing tumor heterogeneity.2

Blood cell-free DNA (cfDNA) biomarkers are 
minimally invasive and potentially allow routine 

monitoring of molecular changes in patients’ 
cancer over the course of therapy and follow-up.3 
This would enable monitoring of treatment effi-
cacy,4 recurrence, and/or subclonal mutation(s) 
tracking as tumors evolve or relapse.5 Unfor-
tunately, no blood-based melanoma biomarker 
is available for early detection of recurrence, 
particularly in patients with stage III melanoma  
rendered clinically disease free upon surgery, 
except the problematic surrogate biomarker, 
serum lactate dehydrogenase (LDH).6 To address 
this need, we pioneered the investigation of 
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cfDNA utility7-9 and explored different types of 
cfDNA biomarkers for monitoring patients with 
melanoma.4,9-12

A comprehensive profile of cfDNA mutations 
given the recent genomic classification of cuta-
neous melanoma (BRAF, NRAS, NF1, and triple 
wild-type)13,14 would provide real-time moni-
toring of postoperative residual disease to cap-
ture progression and enable earlier detection of 
recurrence compared with clinical or radiologic 
detection. Hotspot target blood assays (BRAF 
mutations) may not be suitable to comprehensively  
profile metastatic melanomas given the high 
intratumor heterogeneity.15-17 Blood cfDNA pro
filing using a cancer panel can address this het-
erogeneity issue if highly sensitive for metastatic 
disease. Overall, melanoma cfDNA profiling 
could provide a clinically informative approach 
for monitoring disease progression, heterogene-
ity, and earlier detection of DOM.

In this study, we systemically assessed the util-
ity of profiling melanoma blood cfDNA using 
a sensitive digital next-generation sequencing 
(NGS) assay that includes a panel of 54 cancer 
genes in our clinically well-annotated patient 
cohorts with melanoma, with follow-up during 
a clinically disease-free period. Specifically, we 
focused on longitudinal cfDNA follow-up anal-
ysis in patients before curative surgery of Amer-
ican Joint Committee on Cancer (AJCC) stage 
III regional metastatic disease and throughout 
disease progression until the development of 
DOM. This approach can serve as a paradigm 
for future studies of tumor evolution and het-
erogeneity in blood during longitudinal patient 
follow-up.

PATIENTS AND METHODS

Patients and Specimens

One hundred forty-two blood samples and avail-
able tumor tissue were prospectively collected 
from 44 patients with melanoma at Providence 
Saint John’s Health Center under approval of 
the Saint John’s Health Center/John Wayne 
Cancer Institute Joint Institutional Review Board 
and Western Institutional Review Board under 
standard operating procedures.18 The first 
patient cohort (cohort 1) included 44 patients 
with AJCC stage II, III, or IV melanoma, with 
blood samples collected before DOM relapse or 
elective surgery (Appendix Table A1); patients 

were treated with non–US Food and Drug 
Administration–approved immunotherapies and 
were confirmed to have no evidence of disease via 
computed tomography (CT) or magnetic res-
onance imaging scans after surgery. The second 
cohort (cohort 2) included patients overlapping  
with cohort 1 (Table 1) who were enrolled in a  
US Food and Drug Administration–registered  
phase III clinical trial for AJCC stage III mela-
noma (ClinicalTrials.gov identifier: NCT00052130; 
Appendix Fig A1).19 Briefly, after complete lymph 
node dissection (CLND) to render patients 
clinically disease free, patients were randomly 
assigned to one of the following two treatment 
arms: bacillus Calmette-Guérin plus Canvaxin 
melanoma vaccine (CancerVax, Carlsbad, CA) 
or bacillus Calmette-Guérin plus placebo, with 
all patient belonging to the treatment arm. 
No statistically significant clinical difference 
between the two randomized treatment arms was 
reported.20

Cohort 2 patients were selected on the basis of 
available blood samples during follow-up that 
were in accordance with the clinical trial’s proto-
col. Ninety-eight blood samples were collected 
at baseline (before CLND or before study) and 
during follow-up with available paired formalin- 
fixed paraffin-embedded (FFPE) tumors. Spe-
cifically, the blood was collected before CLND 
(AJCC stage III disease) and during follow-up 
every 2 to 4 months before DOM (AJCC stage 
IV disease). The follow-up time points were 
based on defined patient visits at 2, 4, and 12 
months in year 1 and every 6 months in years 2 
and 3. Standard clinical follow-up consisted of 
a patient visit with serum LDH blood testing, 
x-ray imaging every 3 months, and annual CT of 
the chest, abdomen, and pelvis along with brain 
CT or magnetic resonance imaging. Approxi-
mately six to nine serially collected blood sam-
ples per patient were available for assessment in 
the study. This study was performed in accor-
dance with Reporting Recommendations for 
Tumor Marker Prognostic Studies.21

Sample Collection and DNA Purification

Peripheral blood was collected, and serum was 
isolated, centrifuged, and filtered before cryo-
preservation in aliquots at −80°C, as previously 
described7,11 under good laboratory practice con-
ditions. Aliquots for the study were thawed only 
once before extraction. cfDNA was isolated from 
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2 mL of serum, and ≥ 5 ng of cfDNA was used 
for the assay, as previously described.22 DNA was 
extracted from surgical pathologist–confirmed 
melanoma tumor in FFPE specimens using the 
Zymo FFPE DNA kit (Zymo Research, Irvine, 
CA) and further purified by the OneStep PCR 
Inhibitor Removal Kit (Zymo Research) if con-
taminated with melanin, following the manufac-
turer’s instructions.

Digital NGS

The characteristics and methodology of the dig-
ital NGS assay containing a panel of 54 cancer 
genes have been previously described.22 NGS 
was performed at Guardant Health (Redwood 
City, CA), a Clinical Laboratory Improvement 
Amendments–certified, College of American 
Pathologists–accredited laboratory. The panel 
covers all known frequent melanoma driver 
mutations14 and includes full exon coverage of 18 
genes, critical exons for the 36 remaining genes 
(ie, having somatic mutations reported in the 
Catalogue of Somatic Mutations in Cancer23), 
and three copy number variations (CNVs). 
The variant allele fraction (VAF) was calculated 
as the number of cfDNA molecules with vari-
ants at a given nucleotide position divided by 
the total number of unique cfDNA molecules 
at that position. The panel has a cfDNA single 
nucleotide variant (SNV) limit of detection of 
0.1%. cfDNA CNV analysis for three genes, 
EGFR, ERBB2, and MET, has been previously 
described22 with limits of detection of 0.2, 0.5, 
and 0.2 extra copies, respectively. cfDNA SNVs 
were categorized as somatic variants through 
referencing the Catalogue of Somatic Mutations 
in Cancer database23 or as variants of uncertain 
significance upon additional reference to the 
Database of Short Genetic Variation. SNV load 
was calculated on the basis of the number of 
unique SNVs per patient excluding CNVs.

Validation of Digital NGS

To validate cfDNA SNVs identified by digital 
NGS, DNA from the resected matched tumor 
(regional or distant metastasis) was subjected to 
custom targeted sequencing using a TruSeq Cus-
tom Amplicon panel (Illumina, San Diego, CA) 
as performed by the John Wayne Cancer Insti-
tute Sequencing Center. Illumina’s nondigital 
TruSeq Amplicon panel NGS was determined to 

have a 1% VAF cutoff suitable for FFPE tumor 
DNA. The 150-base pair amplicon panel design, 
specific for the cfDNA SNVs identified, was 
generated by the Illumina DesignStudio soft-
ware. Libraries were prepared with the TruSeq 
Custom Amplicon Low Input Library Prep Kit 
(Illumina), following the manufacturer’s pro-
tocol, and sequenced on the Illumina MiSeq 
with 150-base pair single-end reads. An average 
sequencing depth of 8,000× across the targeted 
region was achieved. Raw sequencing reads were 
trimmed using Trimmomatic (version 0.33),24 
mapped to the human genome (1000 Genomes 
(b37) build) using BWA (version 0.7.12)25 at 
default settings, and processed using GATK 
(version 3.4)26 base quality score recalibration 
and indel realignment in accordance with the 
GATK best practices recommendations. The 
number of reads mapping to each locus of inter-
est was counted using the mpileup function in 
SAMtools.27

Concordance Analysis

SNV concordance in paired tumor tissue and 
blood samples was determined as positive when 
the mutation was found in both tumor and 
cfDNA or negative when cfDNA SNVs were 
not detected in the paired tumor. The percent 
agreement was calculated for individual SNVs 
across the cohort. The overall concordance rate 
is the average of the percent agreement for all 
SNVs analyzed.

Biostatistical Analysis

SNV burden or total cumulative SNV VAF 
before and after recurrence was compared using 
the Wilcoxon signed rank test. Comparison of 
cfDNA analysis versus radiologic imaging or 
LDH for detection of DOM was assessed using 
Fisher’s exact test, where an LDH cutoff value 
of 190 U/L was used.6 Fisher’s exact and F tests 
were performed for categorical and continu-
ous variables, respectively. The Kaplan-Meier 
method was used for survival analysis group-
ings with cfDNA status and analyzed using the 
log-rank test. cfDNA status cutoff values were 
evaluated using the cutp() function in statisti-
cal R package, survMisc.28 The Gompertz sur-
vival regression29-31 was used to evaluate the 
disease-free survival (DFS) differences between 
cfDNA SNV groups. Cox proportional hazards 
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regression was used for adjusting clinical factors 
in multivariable analyses. All statistical analyses 
were performed with R Studio (R Studio, Bos-
ton, MA).

RESULTS

cfDNA SNVs and Association With 
Outcomes

The digital NGS assay was used to analyze  
54 clinically relevant cancer genes covering all 
major melanoma driver genes (Appendix Table 
A2) in blood cfDNA of patients with AJCC 
stage II, III, or IV melanoma (cohort 1; Appen-
dix Table A1) collected before DOM relapse or 
elective surgery. cfDNA SNVs were detected 
in 75% of patients (33 of 44 patients) at VAFs 
ranging from 0.1% to 33.6% (Appendix Tables 
A3 and A4). Eleven patients negative for cfDNA 
SNVs had stage IV (M1B, n = 1; M1C, n = 7) 
or stage III disease (A, B, or C, n = 1 each). 
The most frequently mutated genes, BRAF, 
TP53, and NRAS (Appendix Fig A2), align with 
those previously reported in our studies in the 
melanoma tissue mutational landscape.13,14 To 
confirm that cfDNA somatic SNVs (Appendix 
Table A3) were tumor derived, custom targeted 
amplicon sequencing was performed in matched 
tumor DNA (cohort 1). Tumor-cfDNA somatic 
SNV concordance was detected at 68% (n = 57), 
85% (n = 33), and 100% (n = 23) for somatic 
SNVs at VAFs of > 0%, ≥ 0.5%, and ≥ 1%, 
respectively. Interestingly, 100% concordance of 

the hotspot driver mutations BRAFV600 (n = 12) 
and NRASQ61K (n = 2) in paired tumor-cfDNA 
samples was not a result of high SNV burden 
because the individual VAFs ranged from 0.2% 
to 28%.

The number of different cfDNA SNVs (SNV 
load), ranging from zero to four, and the total 
cumulative SNV VAF (SNV burden), ranging 
from 0.1% to 1%, as cutoffs were analyzed for 
association with overall survival (OS) and DFS 
in stage IV patients only (n = 32; Appendix 
Table A5). Patients with more than two cfDNA 
SNVs had a significantly worse OS compared 
with patients with two or fewer SNVs (median 
OS, 8.6 v 17.5 months, respectively; P = .026; 
Fig 1A). An SNV burden of > 0.5% was sig-
nificantly associated with worse OS compared 
with an SNV burden ≤ 0.5% (median OS, 9.2 
v 16.4 months, respectively; P = .049; Fig 1B). 
The total increase in mean lifetime DFS was 5.8 
and 8.7 months for patients with lower cfDNA 
SNV load or burden, respectively (Appen-
dix Fig A3). One patient lost to follow-up was 
omitted from the survival analysis. Multivari-
able analysis showed that higher SNV load and 
burden were independent prognostic factors 
for worse OS and DFS after adjusting for age, 
sex, and M category (Appendix Tables A6 and 
A7). Altogether, this suggests that cfDNA sta-
tus may be a prognostic indicator in cutaneous  
melanoma.
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cfDNA Profiling After CLND

Digital NGS was performed to longitudinally 
profile cfDNA SNVs in 98 blood samples col-
lected from 12 patients with melanoma (cohort 2).  
Serial blood sampling occurred at three major 
clinical time points, as detailed in Figure 2A. The 
cfDNA analysis of all serially collected blood 
samples is summarized per patient over longi-
tudinal follow-up for somatic SNVs (Appendix 
Table A8) and variants of uncertain significance 
(Appendix Table A9). The most frequent SNVs 
detected were in TP53 (75%) and BRAF (58%; 
Fig 3A), reflecting frequently reported meta-
static melanoma DNA mutations.14 Lack of pre-
CLND cfDNA SNV detection in three patients 
was unlikely to be a result of low tumor burden, 
because all three patients had stage IIIC disease 
with positive lymph nodes (SB3, n = 9; SB7, n = 1;  
and SB10, n = 1). Representative cfDNA SNV 
profiling during disease progression is shown in 
Figure 2B for all SNVs detected. Before CLND 

surgery, the cfDNA VAF was detected at high 
levels, whereas these levels decreased after 
curative surgery, reflecting the tumor burden 
reduction. After disease recurrence, VAF lev-
els increased up to 500-fold. Increasing VAF  
(P = .019) and SNV burden (P = .039) after relapse 
was strongly associated with disease progression 
in this patient cohort (cohort 2; Fig 3B).

Earlier Detection of DOM by Longitudinal 
cfDNA Analysis

We evaluated whether longitudinal cfDNA pro-
files can detect residual or progressive disease 
after CLND to provide earlier detection of DOM 
compared with clinical or radiologic imaging. 
Given their utility in AJCC staging32 and emerg-
ing prognostic utility in immunotherapy, LDH 
levels were also evaluated for recurrence monitor-
ing.33,34 LDH values were longitudinally assessed 
in eight patients (Fig 4). In the four remaining 
serially profiled patients, LDH values were only 
available at baseline and were within normal 
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levels (≤ 190 U/L). Only 25% of patients (two of 
patients) had elevated LDH levels at the point of 
DOM, whereas 100% of patients had detectable 
cfDNA SNVs. cfDNA SNV and CNV monitor-
ing was able to detect DOM significantly earlier 
than clinical or radiologic detection by a median of 
7.5 months (95% CI, 3.17 to 12.0 months; P < .01) 
and earlier than LDH (P = .01). There was no sig-
nificant correlation between preoperative cfDNA 
SNV burden and recurrence-free survival (P = .3).  
In patient SB11, the presence of new somatic 
SNVs (BRAFV600E and AKT1E17K) during follow-up 
and upon DOM suggests the value of cfDNA 
monitoring for tumor heterogeneity after surgery. 
This pattern of new SNVs upon recurrence was 
similarly seen in five additional patients (Fig 4 and 
Appendix Fig A4). Altogether, the longitudinal 
cfDNA SNV profiles suggest the possibility of 
monitoring disease through detecting the dynamic 
cfDNA SNV levels during disease-free follow-up.

MET and EGFR cfDNA amplification

The recent association of CNV detection in 
melanoma tumors with clinical outcome and  
treatment response35,36 has yet to be clearly demo
nstrated in blood. In cohort 2, we identified 
cfDNA amplification during longitudinal follow- 
up in EGFR, ERBB2, and MET (Appendix Table 
A10). Patients SB2 and SB9 contained detect-
able EGFR and MET amplification that could 
aid in cfDNA monitoring given undetectable 
or low cfDNA SNV burden during follow-up. 
Patients SB4, SB7, SB10, and SB11 contained 
cfDNA EGFR/MET amplification during follow- 
up, reflecting cfDNA SNV dynamics (data not 
shown). Furthermore, two of four patients with 

preoperative EGFR/MET cfDNA amplification 
had detectable EGFR/MET cfDNA amplifica-
tion postoperatively, reflecting residual disease 
presence.

cfDNA Monitoring Captures Tumor 
Evolution

Given high tumor heterogeneity, cfDNA monitor-
ing was evaluated to determine whether dynamic 
or evolving tumor SNV profiles can be captured, 
precluding the need for repetitive invasive tissue 
biopsies. To this end, amplicon sequencing was per-
formed in matched regional and distant metastases. 
The tumor-cfDNA concordance, defined as the 
presence of cfDNA SNVs in any serially collected 
blood sample to any matched tumors sequenced, 
ranged from 66% to 100%, with an average con-
cordance of 81.5% (Appendix Table A11). Inter-
estingly, intertumoral heterogeneity among the 
metastatic sites was captured in the cfDNA profile 
as highlighted by representative patients in Figure 5.  
cfDNA profiling in patient SB4 (Fig 5A) captured 
heterogeneous tumor clones 2 to 7 months before 
distant metastasis biopsy, as revealed by detection 
of CDKN2A and BRAF somatic SNVs in blood. In 
patient SB8 (Fig 5B), cfDNA profiling captured all 
heterogeneous tumor clones 1 month before dis-
tant metastasis biopsy by monitoring the detection 
of BRAF, NOTCH1, and CTNNB1 cfDNA SNVs 
in blood.

DISCUSSION

Given the highly aggressive nature of melanoma, 
monitoring patients for recurrence after curative 
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surgery is particularly valuable.37 This study inves-
tigates the utility of cfDNA profiling using a sen-
sitive 54–cancer gene panel digital NGS assay in 
patients with regional metastasis after CLND. 
We focused on cfDNA profiling during longitu-
dinal follow-up at clinically relevant times, namely 
before curative elective surgery, during disease-free 
follow-up, and at relapse. Coupled with repeated 
analysis of tumor sites during disease progression, 
this strategy allowed monitoring of disease pro-
gression and evolution from the regional metasta-
sis. This is critical for understanding how to use 
long-term longitudinal cfDNA analysis to best 
guide management of patients with melanoma.

The study explores the application of cfDNA 
analysis in melanoma for earlier recurrence 
detection compared with standard radiologic 
imaging after surgery, and the results support 
previous oncologic blood cfDNA studies.38-41 
However, this study provides a novel view of 
cfDNA SNV dynamics. The assay containing 
a cancer panel that includes known melanoma 

driver genes minimizes the need for tumor 
DNA sequencing to identify baseline SNVs 
and proved advantageous in profiling dynamic 
cfDNA SNV levels, particularly for SNVs not 
detectable at the time of surgery. Furthermore, 
cfDNA profiling from the regional metastasis 
compared with advanced stages enabled a sig-
nificantly earlier detection of DOM compared 
with imaging or serum LDH when monitoring 
patients after CLND when all imaging and test-
ing were performed every 2 to 4 months, high-
lighting the sensitivity of cfDNA SNV detection 
during a clinically disease-free period.

The necessity of monitoring tumor evolu-
tion is highlighted by the different mutations 
found between matched primary and metastatic 
tumors.14,42 Melanoma cfDNA analysis focusing 
only on BRAF/NRAS hotspot mutations43-48 not 
only excludes wild-type patients (> 25%), but also 
limits the ability to assess dynamic levels of sub-
clonal mutations and tumor heterogeneity found 
in early-stage metastatic melanoma tumors16 that 
may be indicative of tumor progression and therapy 
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resistance.45-47 In this study, capture of clinically 
relevant cfDNA SNVs and CNVs that can impact 
treatment stratification was seen. Longitudinal 
follow-up captured dynamic cfDNA SNV levels, 
reflecting tumor heterogeneity, and the potential 
increase of subclonal cfDNA mutation levels upon 
relapse, potentially indicative for alternative treat-
ment regimens.49,50

The 54–cancer gene panel also permitted eval-
uation of CNVs and SNV load and burden in 
melanoma blood cfDNA. Recently, the associa-
tion of melanoma tumor CNVs with therapeu-
tic outcomes has suggested their potential use 
for monitoring disease.36,37 cfDNA CNV utility 
was evident because EGFR, ERBB2, and MET 
cfDNA amplifications were detected during  
follow-up, suggesting that cfDNA amplification 
has the potential to monitor for occult micromet-
astatic residual disease after surgery. A significant 
association between preoperative EGFR and/or 
MET cfDNA amplification (cohort 2) and OS 
was seen but requires further verification. This 
study demonstrates the feasibility of detecting 
cfDNA amplification of metastasis driver genes 
in melanoma, supporting the reported associa-
tions of MET/EGFR amplification with tumor 
progression and poor outcome.51,52 cfDNA SNV 
load and burden were independent prognostic 
factors for OS in stage IV patients when age, 
sex, and M category were not significantly differ-
ent between the dichotomized groups. cfDNA 

SNV load and burden factors were also analyzed 
as continuous variables (data not shown) and 
demonstrated the same finding. The associa-
tion of cfDNA SNV load or burden status with 
worse OS supports recent findings of a high 
cfDNA SNV load (> three SNVs) correlating 
with immunotherapy response.53 Altogether, this 
highlights a cfDNA SNV load and burden trend 
that needs further validation in a larger patient 
cohort in a multicenter study. In addition, future 
studies are needed to determine the impact of 
longitudinal follow-up cfDNA monitoring in 
patients with early-stage regional melanoma.

To our knowledge, this is the first study to report 
blood cfDNA multiplex gene analysis in patients 
with regional AJCC stage III melanoma metastasis 
over longitudinal follow-up through DOM. Over-
all, our cfDNA analysis reveals informative SNV 
and CNV profiles, potentially precluding the need 
for invasive tumor biopsies. This approach allows 
for real-time monitoring of tumor progression and 
evolution, earlier recurrence detection, and dis-
covery of new SNVs and CNVs indicative of ther-
apy resistance. These capabilities are all critical to 
developing personalized care to effectively manage 
metastatic melanomas.
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Appendix

Patients with melanoma in
study

(N = 44)

Single bleed before surgery or
before relapse

Serial bleeds after stage III
CLND

Cohort 1
  • Stage II
  • Stage III Unk/A/B/C
  • Stage IV M1A/B/C

(n = 44)
(n = 2)

(n = 10)
(n = 32)

Cohort 2
  • Stage III A/B/C

(n = 12)
(n = 12)

Fig A1. Schematic 
of patient cohorts in the 
study. Melanoma stage and 
blood specimen collection 
time points are shown. 
CLND, complete lymph 
node dissection; Unk, 
unknown.
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Fig A2. Measurement 
of cell-free DNA single nu-
cleotide variants (SNVs) in 
44 patients with melanoma 
(cohort 1) at a single presur-
gical/prerelapse time point. 
(A) Frequency of SNVs 
identified per gene across 
the cohort. (B) Number of 
SNVs (≥ 2) detected per 
gene across the cohort. Blue 
represents somatic SNVs; 
gold represents variants of 
unknown significance.
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Fig A3. Disease-free 
survival (DFS) for cell-
free DNA (cfDNA) 
single nucleotide variant 
(SNV) load and burden 
in patients with stage IV 
melanoma (cohort 1). The 
Kaplan-Meier curves for 
(A) two cfDNA SNV load 
groups and for (C) two 
cfDNA SNV burden groups 
with the fitted (dashed lines) 
Gompertz curves. (B and 
D) The difference in mean 
DFS for the two patient 
groups (gray area) is shown. 
The end point for DFS is 
the time to event related to 
the disease itself or death 
from a disease-specific event 
(ie, noncancer deaths are 
censored).
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Fig A4. Cell-free DNA 
(cfDNA) single nucleotide 
variant (SNV) monitoring 
of patients with melanoma 
over disease progression 
(cohort 2). cfDNA SNV 
profiling during disease 
progression in patients 
with melanoma is displayed 
(cohort 2). For each time 
course, progressive clinical 
events are highlighted in 
gray or white. Dashed  
line indicates digital 
next-generation sequencing 
limit of detection (≥ 0.1%); 
red arrows indicate surgical 
resection. DF, disease-free 
period of follow-up every 
2 to 4 months; Distant 
mets: distant metastasis or 
relapse; LDH (ND), lactate 
dehydrogenase not done 
longitudinally; Pre-op, 
American Joint Commit-
tee on Cancer stage III 
diagnosis before complete 
lymph node dissection; VAF, 
variant allele fraction.
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Table A1. Characteristics of Patients With Melanoma With Matched Tumor-Blood 
Biopsy (cohort 1)

Characteristic  Patients (N = 44)

Median age, years (range) 60 (24-81)

Sex, No. (%)

Male 34 (77)

Female 10 (23)

AJCC stage, No. (%)

II 2 (5)

III 10 (23)

Unk 1

A 6

B 1

C 2

IV 32 (72)

M1A 10

M1B 7

M1C 8

M1D 7

Tumor origin, No. (%)

Regional metastasis 10 (23)

Distant metastasis 32 (73)

Blood biopsy time point, No. (%)

Before surgery 42 (95)

Range, months 0-5.3

Before relapse (range) 2 (5)

Range, months 0.7-2.3

Abbreviations: AJCC, American Joint Committee on Cancer; Unk, lymph node status unknown.

Table A2. Cancer Genes in the Digital Next-Generation Sequencing Panel

SNVs (54 genes) Amplifications (CNVs; 
3 genes)Complete Exon Coverage Partial Exon (hotspots) Coverage

ALK KRAS RB1 ALB1 GNA11 MPL EGFR

APC MET TP53 AKT1 GNAQ NPM1 ERBB2

AR MYC ATM GNAS PDGFRA MET

BRAF NOTCH1 CDH1 HNF1A PTPN11

CDKN2A NRAS CSF1R HRAS RET

EGFR PIK3CA CTNNB1 IDH1 SMAD4

ERBB2 PTEN ERBB4 IDH2 SMARCB1

FBXW7 PROC EZH2 JAK2 SMO

FGFR1 JAK3 SRC

FGFR2 KDR STK11

FGFR3 KIT TERT

FLT3 MLH1 VHL

Abbreviations: CNVs, copy number variations; SNVs, single nucleotide variants. 
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Table A4. cfDNA Variants of Uncertain Significance in Patients With AJCC Stage II, III, or IV Melanomas (cohort 1)

Patient No. Gene Chromosome Position cfDNA Variant (nt) AA cfDNA VAF (%)

P5* ALK 2 29498336 C>T W615† 0.30

P10 EGFR 7 55231476 A>T E561V 0.10

EGFR 7 55241700 A>T K716N 0.10

FBXW7 4 153268138 G>A R144† 0.30

FLT3 13 28608303 A>G S585P 0.70

P12 FGFR2 10 123263438 G>C S435R 1.00

P13 NOTCH1 9 139399459 C>A A1562S 0.30

P14* APC 5 112173613 C>A D774E 0.20

ATM 11 108205835 A>C K2717T 0.20

P15 AR X 66766103 C>T A372V 0.90

CDH1 16 68847222 G>A G382S 0.10

P17‡ RET 10 43617442 A>C I927L 0.20

AR X 66931292 A>G E645G 0.10

P19 BRAF 7 140494241 G>A P336L 7.49

NOTCH1 9 139391784 G>A S2136L 5.62

P20 NRAS 1 115251248 C>T V160I 0.24

SB1 SMAD4 18 48575204 A>G Y133C 0.40

SB2 ALK 2 29430068 C>T E1303K 5.40

ALK 2 29430069 C>T M1302I 5.40

SB5 EGFR 7 55225408 T>A F420L 3.30

MET 7 116371732 G>A R404K 1.70

MET 7 116371733 A>C R404S 1.70

MET 7 116403179 C>T P814S 1.00

SB8 ERBB2 17 37865693 C>T R188C 0.50

SB10§ ERBB2 17 37868213 A>T T312S 0.40

Abbreviations: AA, amino acid; AJCC, American Joint Committee on Cancer; cfDNA, cell-free DNA; nt, nucleotide; VAF, variant allele fraction.
*Blood collected at stage III diagnosis.
†Indicates stop codon.
‡Blood collected at stage II diagnosis.
§Sequencing data are from stage IV blood sample and paired stage III tumor (stage IV tumor is not available).

Table A5. Clinical Characteristics of Patients With Stage IV Melanoma and cfDNA SNV Status (cohort 1)

Characteristic

SNV Load SNV Burden 

≤ 2 (n = 21) > 2 (n = 11) P ≤ 0.5% (n = 14) > 0.5% (n = 18) P

Mean age, years (SD) 51.6 (15.5) 56.5 (13.6) .38 52.4 (16.9) 54 (13.5) .76

Sex, No. (%) .99 .99

Female 5 (23.8) 3 (27.3) 3 (21.4) 5 (27.8)

Male 16 (76.2) 8 (72.7) 11 (78.6) 13 (72.2)

M category, No. (%) .73 .35

M1A 8 (38.1) 2 (18.2) 2 (14.3) 8 (44.4)

M1B 4 (19.0) 3 (27.3) 4 (28.6) 3 (16.7)

M1C 5 (23.8) 3 (27.3) 4 (28.6) 4 (22.2)

M1D 4 (19.0) 3 (27.3) 4 (28.6) 3 (16.7)

Abbreviations: cfDNA, cell-free DNA; SD, standard deviation; SNV, single nucleotide variant.
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Table A6. Multivariable Analysis of cfDNA SNV Load Status and Prognostic Factors for Melanoma Stage IV Disease Outcome (cohort 1)

Prognostic Factor

Disease-Free Survival Overall Survival

HR 95% CI P HR 95% CI P

Age 0.96 0.93 to 0.99 .01 0.95 0.92 to 0.98 < .01

Sex

Female 1 Reference 1 Reference

Male 1.76 0.71 to 4.34 .22 0.98 0.38 to 2.51 .97

M category, levels 0.75 0.50 to 1.13 .17 0.96 0.63 to 1.33 .65

SNV load

0-2 1 Reference 1 Reference

> 2 2.35 0.99 to 5.58 .05 3.52 1.52 to 8.17 < .01

Abbreviations: cfDNA, cell-free DNA; HR, hazard ratio; SNV, single nucleotide variant.

Table A7. Multivariable Analysis of cfDNA SNV Burden Status and Prognostic Factors for Melanoma Stage IV Disease Outcome (cohort 1)

Prognostic Factor

Disease-Free Survival Overall Survival

HR 95% CI P HR 95% CI P

Age 0.96 0.93 to 0.99 .02 0.96 0.93 to 0.99 < .01

Sex

Female 1 Reference 1 Reference

Male 2.45 0.92 to 6.54 .07 0.98 0.38 to 2.51 .97

M category, levels 0.91 0.62 to 1.33 .63 1.23 0.81 to 1.85 .33

SNV burden

0%-0.5% 1 Reference 1 Reference

> 0.5% 2.91 1.18 to 7.20 .02 3.41 1.24 to 9.40 .02

Abbreviations: cfDNA, cell-free DNA; HR, hazard ratio; SNV, single nucleotide variant.
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Table A10. CNVs Detected in Serially Collected Blood Samples From Patients With Melanoma After Stage III Surgical Resection (rendered 
disease free) Who Subsequently Developed Distant Metastatic Disease (cohort 2)

Patient No. CNV Detected No. of CNVs Copy Number Range

SB1 ND

SB2 EGFR 2 2.47-3.95

MET 2 2.52-4.39

SB3 ND

SB4* EGFR 5 2.27-2.37

MET 6 2.31-2.53

SB5 ND

SB6 ND

SB7* MET 6 2.27-2.43

EGFR 5 2.26-2.53

SB8 ND

SB9 EGFR 1 2.47

MET 2 2.20-2.51

SB10* MET 5 2.21-2.29

ERBB2 6 2.3-2.4

SB11* EGFR 2 2.27-2.36

MET 6 2.22-2.41

SB12 ND

Abbreviations: CNV, copy number variation; ND, not detected.
*CNV detected preoperatively.

Table A11. Concordance of Identical SNVs Between cfDNA and Paired Tumor DNA Obtained From Regional or Distant Metastatic Sites 
(cohort 2)

Patient 
No.

SNVs*

Concordance (%)Present in cfDNA Present in Tumors

SB1 SMAD4, TP53 SMAD4, TP53 100

SB2 ALK, BRAF, TP53 ALK, BRAF, TP53 100

SB3† BRAF, TP53 BRAF 50

SB4 APC, ATM, BRAF, CDKN2A, TP53 APC, ATM, BRAF, CDKN2A, TP53 100

SB5 CDKN2A, EGFR, JAK2, MET, NOTCH1, TP53 
(R110C, P177L, Y229C, G279V)

CDKN2A, EGFR, MET, NOTCH1, TP53 (R110C, 
P177L)

67

SB6 GNAS, JAK2, KIT, PTEN JAK2, PTEN 50

SB7 BRAF, TP53 BRAF, TP53 100

SB8 ATM, BRAF, CTNNB1, ERBB2, ERBB4, 
NOTCH1, TP53

BRAF, CTNNB1, ERBB2, ERBB4, NOTCH1, TP53 86

SB9† NRAS NRAS 100

SB10† BRAF, ERBB2, NRAS ERBB2, NRAS 67

SB11 AKT1, BRAF, PIK3C, TP53 AKT1, BRAF, PIK3CA 75

SB12 BRAF, EZH2, MET, MYC, PIK3CA, TP53 BRAF, EZH2, MYC, PIK3CA, TP53 83

Abbreviations: cfDNA, cell-free DNA; SNV, single nucleotide variants; 
*SNVs found in any blood or any paired tumors over follow-up.
†Only stage III metastatic tumor was available.
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