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Purpose. Melanoma is the most aggressive form of skin cancer. Circulating tumor DNA (ctDNA) is a diagnostic and prognostic
marker of melanoma. However, whether ctDNA mutations can independently predict survival remains controversial. This meta-
analysis assessed the prognostic value of the presence or change in ctDNA mutations in melanoma patients. Methods. We
identified studies from the PubMed, EMBASE, Web of Science, and Cochrane databases. We estimated the combined hazard
ratios (HRs) for overall survival (OS) and progression-free survival (PFS) using either fixed-effect or random-effect models based
on heterogeneity. Results. Sixteen studies including 1,781 patients were included. Both baseline and posttreatment detectable
ctDNA were associated with poor OS (baseline detectable vs. undetectable, pooled HR =1.97, 95% CI=1.64-2.36, P < 0.00001;
baseline undetectable vs. detectable, pooled HR =0.19, 95% CI =0.11-0.36, P < 0.00001; posttreatment detectable vs. undetectable,
pooled HR=2.36, 95% CI=1.30-4.28, P = 0.005). For PFS, baseline detectable ctDNA may be associated with adverse PFS
(baseline detectable vs. undetectable, pooled HR = 1.41, 95% CI = 0.84-2.37, P = 0.19; baseline undetectable vs. detectable, pooled
HR=0.43, 95% CI=0.19-0.95, P = 0.04) and baseline high ctDNA and increased ctDNA were significantly associated with
adverse PFS (baseline high vs. low/undetectable, pooled HR = 3.29, 95% CI = 1.73-6.25, P = 0.0003; increase vs. decrease, pooled
HR = 4.48, 95% CI = 2.45-8.17, P < 0.00001). The baseline BRAF"*"° ctDNA mutation-positive group was significantly associated
with adverse OS compared with the baseline ctDNA-negative group (pooled HR =1.90, 95% CI=1.58-2.29, P <0.00001). There
were no significant differences in PFS between the baseline BRAF'** c¢tDNA mutation-detectable group and the undetectable
group (pooled HR =1.02, 95% CI = 0.72-1.44, P = 0.92). Conclusion. The presence or elevation of ctDNA mutation or BRAFY*%
ctDNA mutation was significantly associated with worse prognosis in melanoma patients.

1. Introduction

Melanoma is the most aggressive form of skin cancer,
originating from pigment-producing melanocytes. Though
it accounts for only 10% of all skin cancers, it is responsible
for more than 80% of skin cancer-related deaths. The de-
velopment of targeted therapy (MAPK pathway inhibitors)
[1, 2] and immunotherapy (checkpoint inhibitors) [3-5] has
led to substantial improvements in overall survival (OS).
However, a significant number of patients develop acquired
resistance or do not benefit from therapy and, in some cases,
therapy can be toxic [6, 7]. Therefore, the monitoring of

disease progression and prognosis of patients are of vital
importance and contribute to improving the quality of life of
melanoma patients.

In recent years, many studies have focused on the value
of circulating tumor DNA (ctDNA) in monitoring disease
status and prognosis [8-12]. Some studies have focused on
the prognostic value of ctDNA in melanoma patients, al-
though the results are controversial. A study [13] conducted
by Tan et al. confirmed that ctDNA detection before surgery
and postoperatively can identify melanoma patients at
highest risk of relapse, although there was no significant
association between detectable ctDNA (at baseline or
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postoperatively) and OS. Lee et al. [14] proposed that OS was
significantly worse for patients with detectable ctDNA
postsurgery and high-risk stage II/III melanoma. In the
study [15] by Seremet et al., undetectable ctDNA at baseline
remained significantly correlated with progression-free
survival (PFS) and OS in metastatic melanoma patients
treated with anti-PD1 therapy. Forthun et al. conducted a
study [16] of bevacizumab in the treatment of metastatic
malignant melanoma and showed that <1% BRAF/NRAS-
positive ctDNA before and during treatment reflected a
positive response to therapy, through an increase in the
durations of PFS and OS. A study by Board et al. [17] in-
dicated that cfDNA BRAF detection is not associated with
poorer PFS in stage III/IV advanced melanoma. Besides,
there is still a lack of systematic evidence to prove the
prognostic value of c¢tDNA in melanoma patients. Se-
quencing data identified melanoma as the most frequently
mutated tumor type analyzed by The Cancer Genome Atlas
(TCGA) [18]. Therefore, the aim of this meta-analysis was to
evaluate the prognostic significance of ctDNA mutations in
melanoma patients, in terms of OS and PFS.

2. Methods

2.1. Data Sources and Searches. We conducted systematic
searches of the PubMed, EMBASE, Web of Science, and
Cochrane databases for entries up until March, 2020 without
language or study period restrictions. The search terms
included (“ctDNA” or “circulating tumor DNA” or “cir-
culating DNA” or “free DNA” or “cell free DNA” or “plasma
DNA” or “serum DNA”) and (“Melanoma” or “Skin cancer”
or “Skin neoplasia” or “skin neoplasm”) and (“prediction” or
“outcome” or “predictive” or “prognosis” or “prognostic”).
A manual search of related articles and references cited in
these articles was performed to identify all available studies.

2.2. Inclusion and Exclusion Criteria. Studies were included
in the analysis if they met the following criteria: (1) all
patients enrolled in the study were diagnosed with mela-
noma, (2) ctDNA mutation was assessed using plasma or
serum, (3) endpoints included PFS or OS, and sufficient data
were presented for determining or calculating the hazard
ratio (HR) and 95% confidence interval (95% CI).

Studies were excluded if (1) fewer than 15 patients were
included in the statistical analysis of prognosis value of
ctDNA, (2) samples were not drawn from peripheral blood
(e.g., they came from cerebrospinal fluid or lymphatic fluid),
and (3) nonresearch publications such as editorials, reviews,
and letters, or the publications were duplicated articles.

2.3. Data Extraction and Quality Assessment. Two investi-
gators independently reviewed all eligible studies and
extracted the following information: first author name,
publication year, country, number of patients analyzed,
tumor stage, sample origin, time of sample collection,
clinical therapy, method/platform of ctDNA detection,
target genes/variants, cutoff value, number of experimental/
control samples, positive ratio, and endpoint, and follow-up
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duration and confounding factors, if provided. When the
article had multiple queues or groups of patients, and an HR
for survival curve was provided for each queues/groups,
results of all these queues/groups were recorded as inde-
pendent data. The quality of all included studies was eval-
uated using the Newcastle-Ottawa Quality Assessment Scale
(NOS) [19]. An NOS score of 5-9 stars was considered
indicative of a high quality meta-analysis.

2.4. Statistical Analysis. Hazard ratios (HRs) and their 95%
CIs for PFS and OS were recorded to clarify the prognostic
value of ctDNA. For studies in which HRs and 95% CIs were
not available, we extracted survival rates from Kaplan-Meier
curves by using Engauge Digitizer version 4.1 [20]. To assess
the heterogeneity among studies, pooled HRs were initially
calculated using a fixed effects model. If there was significant
heterogeneity among studies (I* > 50%), the random effects
model was adopted [21]. I?>50% and P <0.05 were con-
sidered significant for heterogeneity.

For forest plots with more than 10 included studies or
results, we evaluated publication bias using funnel plots for
visual inspection and conducted quantitative estimations
using Egger’s test. Sensitivity analysis was performed by
excluding each study in turn to assess the stability of the
results. All analyses were carried out using Review Manager
version 5.3 (The Cochrane Collaboration, Copenhagen: The
Nordic Cochrane Center, 2012) and STATA version 12.0
(STATA Corporation, College Station, TX, USA).

3. Results

3.1. Search Results. A total of 2,365 articles were identified
after removing duplicates. By reviewing titles and abstracts,
2,305 articles were excluded, of which 2,114 were not related
to the disease or subject of our meta-analysis, 86 were re-
views or systematic evaluations, and 105 were abstracts,
conference papers, or case reports. After detailed reading
and evaluation of 60 articles, we excluded eight articles
because the number of patients analyzed for prognosis was
less than 15. Twelve articles were excluded for lack of
prognostic information. Twenty-one articles were excluded
because they did not provide sufficient data to extract HRs
for PFS or OS. Further three articles with or suspected to
have overlapping study populations were excluded. Finally,
16 articles [12-17, 22-31] proved eligible for inclusion and
were analyzed (Figure 1).

3.2. Literature Characteristics and Quality. The character-
istics and quality of studies included in the meta-analysis are
described in Table 1. The 16 studies [12-17, 22-31] were
published between 2007 and 2020, and the sample size of
ctDNA prognosis analyses ranged from 20 to 551, with an
overall total of 1,781. Among the studies, four [12, 13, 25, 29]
were from Australia, and one study each was from the UK
[14], Poland [22], Spain [28], Norway [16], Italy [24], Bel-
gium [15], France [27], and USA [31]. In addition, one study
[23] was from Belgium and Germany. The samples from one
study [17] were obtained from the participants of a phase 2
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FIGURE 1: Study selection strategy and flow diagram.

clinical trial in which the patients were from 10 countries.
The samples from one study [26] were obtained from the
participants of a phase 3 clinical trial in which the patients
were from 12 countries. One study [30] included samples
from the participants of four clinical trials, each involving
patients from more than one country. Since two of the
clinical trials enrolled the same patient populations, we
chose the one with larger sample size for meta-analysis. In
addition to the study [30] from three clinical trials, another
three studies [12, 23, 26] were grouped by cohort or drug
therapy. Therefore, we considered them as independent
studies. All the patients in 15 studies had advanced mela-
noma, while the patients in one study [14] were at stage II-
III. Plasma ctDNA levels were assessed in 12 studies
[12-16, 22, 23, 25-27, 29, 30], serum ctDNA levels were
assessed in three studies [17, 24, 31], and ctDNA was
extracted from serum and plasma samples in one study [28].
Twelve studies [12, 13, 15, 16, 22-24, 26-29, 31] analyzed
ctDNA from blood samples before and after treatment, and
four studies [14, 17, 25, 30] analyzed ctDNA before treat-
ment. However, among  these 12 studies
[12, 13, 15, 16, 22-24, 26-29, 31], PES or OS analysis was not
performed in eight studies [12, 15, 22, 24, 26-29] using
posttreatment data, and pretreatment data was not per-
formed in one study [31]. Droplet digital PCR (ddPCR) was
used to detect ctDNA in blood samples in 11 studies
[12-16, 22-26, 29]. Only the BRAFY*° ctDN A mutation was
detected in seven studies [17, 22, 24, 26, 28, 30, 31], and

multiple genes were detected in another study [23], although
PFS or OS analysis of the BRAF'**’ mutation was available.
The other studies [12-16, 25, 27, 29] all detected the mu-
tations in multiple genes. The quality of studies included was
evaluated by NOS, and all the studies received at least six
stars, all of which were regarded as high quality.

3.3. Prognostic Value of ctDNA in Melanoma

3.3.1. Meta-Analysis of ctDNA Predicting OS. A total of 11
studies [13, 15, 16, 22-24, 26-30] assessed the relationship
between baseline ctDNA and OS. Seven studies (10 results)
[13, 22-24, 26, 28, 30] analyzed the effect of baseline de-
tectable ctDNA on OS compared with baseline undetectable
ctDNA. The multivariate results of one study [22] analyzing
the effect of the log-transformed concentration of baseline
ctDNA on prognosis were not included in the analysis. As
shown in Figure 2(a), the risk was significantly higher in the
baseline ctDNA-positive group than in the baseline ctDNA-
negative group in terms of mortality (pooled HR =1.97, 95%
CI=1.64-2.36, P <0.00001). The I” statistical heterogeneity
was not significant (I>=0%). This suggests that baseline
detectable ctDNA is associated with adverse OS.

Three studies [15, 27, 29] indicated the association of
baseline undetectable ctDNA with OS compared with
baseline detectable ctDNA. Our results showed that, in
melanoma, the risk of mortality in the baseline undetectable
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Hazard ratio Hazard ratio

Study or subgroup Log (hazard ratio) ~ SE  Weight (%) IV, fixed, 95% CI 1V, fixed, 95% CI
Gonzalez-Cao, Maria 2018 -1.35 1.84 0.3 0.26 [0.01, 9.55]
Kozak, Katarzyna 2020 0.17 0.49 3.6 1.19 [0.45, 3.10] —_—
Lu, W. 2018 (BRAF inhibitor) 0.6206 0.1413 43.3 1.86 [1.41, 2.45] E 3
Lu, W. 2018 (chemotherapeutic drug) 0.8154 0.1544 36.3 2.26 [1.67, 3.06] E 3
Salemi, Rossella 2018 0.3 1.17 0.6 1.35[0.14, 13.37] _—
Santiago-Walker, Ademi 2016 (Break-3) 0.09 0.63 2.2 1.09 [0.32, 3.76] _t
Santiago-Walker, Ademi 2016 (Break-MB) 0.2 0.94 1.0 1.22[0.19,7.71] _—
Santiago-Walker, Ademi 2016 (Metric) 0.49 0.33 7.9 1.63 [0.85,3.12] =
Tan, L. 2019 (MRV) 1.0647 0.872 1.1 2.90 [0.52, 16.02] —
Varaljai, R. 2019 (signaling targeted therapy) 1.4061 0.4873 3.6 4.08 [1.57,10.60] E——
Total (95% CI) 100.0 1.97 [1.64, 2.36] ‘
Heterogeneity: chi* = 7.23, df = 9 (P = 0.61); I* = 0% T T T T
Test for overall effect: Z =7.26 (P < 0.00001) 0.01 0.1 1 10 100
Detectable Undetectable
(a)
Hazard ratio Hazard ratio
Study or subgroup Log [hazard ratio] ~ SE  Weight (%) IV, fixed, 95% CI 1V, fixed, 95% CI
Herbreteau, Guillaume 2018 -1.5799 0.5731 29.1 0.21 [0.07, 0.63] —_— .
Lee, J. H. 2017 -1.1087 0.755 16.8 0.33 [0.08, 1.45] B — e I
Seremet, Teofila 2019 -1.8326 0.42 54.2 0.16 [0.07, 0.36] —.—
Total (95% CI) 100.0  0.19[0.11, 0.36] ‘
Heterogeneity: chi® = 0.72, df = 2 (P = 0.70); I* = 0% . . . .
Test for overall effect: Z = 5.30 (P < 0.00001) 0.05 0.2 1 5 20
Undetectable Detectable
(b)
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FIGURE 2: Meta-analysis of ctDNA predicting OS. (a) Effect of baseline ctDNA on OS in melanoma (detectable vs. undetectable). (b) Effect of
baseline ctDNA on OS in melanoma (undetectable vs. detectable). (c) Effect of posttreatment ctDNA on OS in melanoma (detectable vs.

undetectable).

ctDNA group was significantly lower than that in the
baseline detectable ctDNA group (pooled HR=0.19, 95%
CI=0.11-0.36, P < 0.00001), with no heterogeneity (PP=0%)
(Figure 2(b)). This suggests that baseline undetectable
ctDNA is associated with better OS.

In addition, one study [16] analyzed the relationship
between baseline high ¢tDNA and OS compared with
baseline undetectable or low ctDNA, suggesting that base-
line high ctDNA was associated with adverse OS. One study
[28] suggested that baseline undetectable or low ctDNA was
significantly associated with better OS compared with
baseline high ctDNA. One study [26] also showed a rela-
tionship between high versus low, high versus undetectable,
and low versus undetectable and OS, with statistically sig-
nificant differences. Another study [29] analyzed patients
with posttreatment negative-ctDNA and baseline unde-
tectable ctDNA was significantly associated with better OS

compared with baseline detectable ctDNA. The above results
were not included in the analysis due to different classifi-
cation methods. These results suggest that baseline detect-
able ctDNA is associated with adverse OS.

Four studies [13, 14, 16, 31] evaluated the relationship
between posttreatment ctDNA and OS, although one [16]
was not included in the analysis because of the different
grouping method. Our results showed that in melanoma,
compared with the posttreatment undetectable ctDNA
group, the posttreatment detectable ctDNA group was as-
sociated with adverse OS (pooled HR=2.36, 95%
CI=1.30-4.28, P = 0.005), with no heterogeneity (P =0%)
(Figure 2(c)). One study [16] that was not included in the
analysis examined the relationship between posttreatment
high ¢tDNA and OS compared with posttreatment unde-
tectable and low ctDNA, suggesting that posttreatment high
ctDNA was significantly associated with adverse OS. These
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results suggest that posttreatment detectable ctDNA 1is as-
sociated with adverse OS.

3.3.2. Meta-Analysis of ctDNA Predicting PFS. A total of 12
studies [12, 15-17, 22-25, 27-30] assessed the relationship
between baseline ctDNA and PFS. Seven studies (nine re-
sults) [17, 22-25, 28, 30] analyzed the effect of baseline
detectable ctDNA on PFS compared with baseline unde-
tectable ctDNA. The multivariate results of one study [22]
analyzing the effect of the log-transformed concentration of
baseline ctDNA on prognosis were not included in the
analysis. As shown in Figure 3(a), the baseline detectable
ctDNA group benefited less than the baseline undetectable
ctDNA group in terms of treatment response, although the
differences were not statistically significant (pooled
HR =1.41, 95% CI=0.84-2.37, P = 0.19). The I’ statistical
heterogeneity was high (I”=55%); thus, a random-effects
model was used.

Three studies [15, 27, 29] indicated the association of
baseline undetectable ctDNA with PFS compared with
baseline detectable ctDNA. The results showed that baseline
undetectable ctDNA was significantly associated with better
PFS (pooled HR=0.43, 95% CI=0.19-0.95 P =0.04,
Figure 3(b)). The I’ statistical heterogeneity was high
(I =73%); thus, a random-effects model was used.

Two studies (three results) [12, 16] analyzed the dif-
ferences between the baseline high ctDNA group and the
baseline undetectable or low ctDNA group and evaluated
PES. The baseline high ctDNA group benefited less than the
baseline undetectable or low ctDNA group in terms of
treatment response (pooled HR =3.29, 95% CI=1.73-6.25,
P =0.0003), with no heterogeneity (P =0%) (Figure 3(c)).

In addition, data provided in two studies [28, 29] not
included in the above analysis due to different grouping
methods showed that baseline undetectable or low ctDNA was
significantly associated with better PFS compared with base-
line high ctDNA [28] and that in patients with posttreatment
negative-ctDNA, baseline undetectable ctDNA was signifi-
cantly associated with better PFS compared with baseline
detectable ctDNA [29]. These results suggest that baseline
detectable ctDNA may be associated with adverse PES.

The relationship between posttreatment ctDNA detec-
tion and PFS was analyzed in one study [16], which sug-
gested that posttreatment high ctDNA was significantly
associated with adverse PFS compared with posttreatment
undetectable or low ctDNA. Due to the insufficient number
of studies, no analysis was carried out.

One study (three results) [23] indicated that the asso-
ciation of ctDNA changed with PFS. The increased ctDNA
group had less therapeutic benefit than the decreased ctDNA
group (pooled HR =4.48, 95% CI =2.45-8.17, P < 0.00001),
with no heterogeneity (I* = 0%) (Figure 3(d)).

3.4. Prognostic Value of the ctDNA BRAF*’ Mutation in
Melanoma. We only further analyzed the effects of baseline
BRAFY mutation detectable ctDNA on PFES and OS,
compared with baseline BRAFY** mutation undetectable
ctDNA because of different grouping methods and the

limited number of studies. Our results showed that the
risk was significantly higher in the baseline BRAFY®"
ctDNA mutation-positive group than in the baseline
ctDNA-negative group in terms of mortality (pooled
HR=1.90, 95% CI=1.58-2.29, P <0.00001), with no het-
erogeneity (I*=0%) (Figure 4(a)). The differences between
the baseline BRAF'? ctDNA mutation detectable group
and undetectable group were not statistically significant in
terms of treatment response (pooled HR=1.02, 95%
CI=0.72-1.44, P = 0.92), with low heterogeneity (I*=4%)
(Figure 4(b)).

3.5. Heterogeneity Analysis. A subgroup analysis was per-
formed on the forest plot with the largest number of studies
to identify the factors that may influence interstudy het-
erogeneity, including the effects of baseline detectable
ctDNA on PFS and OS, compared with baseline undetect-
able ctDNA.

Table S1 shows the results of subgroup analyses, stratified
by target gene, sample origin, method, and data source.
There was no heterogeneity among the subgroups that
assessed OS (I* = 0%). In most subgroups, baseline detectable
ctDNA was significantly associated with adverse OS, al-
though there was no significant correlation between baseline
detectable ctDNA and OS in the non-ddPCR ctDNA eval-
uation subgroup and in the subgroup whose data were
extracted from the survival curve (pooled HR=1.41, 95%
CI=0.82-243, P =021; pooled HR=1.36, 95%
CI=0.85-2.15, P =0.20, respectively). For the subgroups
that evaluated PFS, heterogeneity was significantly reduced
according to whether the target gene included only
BRAFV*? or not, and according to whether the data was
directly provided by the studies or extracted from the sur-
vival curve. As it happened, the two subgroups included the
same studies, whose target genes were BRAF'°", and data
were extracted from the survival curve, which showed no
significant correlation between baseline detectable ctDNA
and PFS (pooled HR=1.02, 95% CI=0.72-1.44, P = 0.92,
> = 4%). Meanwhile, the subgroup whose data was provided
directly by the studies suggested that baseline detectable
ctDNA was associated with adverse PFS (pooled HR =4.02,
95% CI=1.88-8.59, P =0.0003, I?’=1%). These results
suggest that the sources of heterogeneity may be the method
of ctDNA assessment, target genes, and data sources.

3.6. Sensitivity Analysis. Sensitivity analysis based on the
change in the combined effect size by excluding the included
studies one by one is an important method mainly used to
evaluate the robustness and reliability of the combined re-
sults of meta-analysis. After sensitivity analysis, the overall
effect sizes of the two meta-analyses were significantly
modified. Among them, one study [14] had a significant
impact on the effect of posttreatment detectable ctDNA on
OS. After excluding this study, the overall HR changed from
236 (95% CI=1.30-4.28, P =0.005) to 1.61 (95%
CI=0.31-8.40, P = 0.57), and the heterogeneity remained at
0. Two studies [15, 27] had a significant impact on the effect
of baseline undetectable ctDNA on PFS. After excluding one
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FIGURE 3: Meta-analysis of ctDNA predicting PES. (a) Effect of baseline ctDNA on PFS in melanoma (detectable vs. undetectable).
(b) Effect of baseline ctDNA on PFS in melanoma (undetectable vs. detectable). (c) Effect of baseline ctDNA on PES in melanoma
(high vs. low/undetectable). (d) Effect of ctDNA change on PES in melanoma (increase vs. decrease).

study [27], the overall HR changed from 0.43 (95%
CI=0.19-0.95, P=0.04) to 0.38 (95% CI=0.11-1.28,
P =0.12) and the heterogeneity was almost unchanged
(from I* = 73% to I = 85%). After excluding the other study
[15], the overall HR changed to 0.65 (95% CI=0.39-1.09,
P =0.10) and the heterogeneity decreased to 0.

3.7. Publication Bias. Funnel plots and Egger’s test were used
to assess publication bias for forest plots containing more
than 10 studies or results, thus assessing the impact of
baseline detectable ctDNA on OS. The results revealed no
evidence of significant publication bias (Egger’s test,
P =0.306) (Figure 5).
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FIGURE 4: Meta-analysis of the BRAF'®" ctDNA mutation predicting OS or PFS. (a) Effect of baseline BRAF'*”° ctDNA mutation on OS in
melanoma (detectable vs. undetectable). (b) Effect of baseline BRAFY % ¢t DNA mutation on PFS in melanoma (detectable vs. undetectable).

4. Discussion

In 2012, melanoma was the 15th most common cancers
worldwide [32]. Unfortunately, the worldwide incidence of
cutaneous melanoma has been increasing at a faster rate each
year than that of any other type of cancer [33]. The treatment
of melanoma has been revolutionized in the past decade. In
particular, the PFS and OS in melanoma patients have
improved significantly with the introduction of immune
checkpoint inhibitors and the new selective tyrosine kinase
inhibitors, including the BRAF and MEK inhibitors [34],
although there are still a certain proportion of patients
experiencing early tumor recurrence or progression. As a
result, major efforts have been made to better monitor the
evolution of the disease and the prognosis of patients, such
as considering histopathological features, patient charac-
teristics, biochemical indicators, and genetic mutations [33].
Sequencing data has shown that melanoma has a median
mutation rate of 10 mutations/Mb, the highest of all cancers
so far analyzed by the TCGA network [18]. Meta-analysis
has demonstrated that BRAF mutation is an absolute risk
factor for survival in melanoma patients [35]. However, it is
difficult to study genomic changes in repeated tumor bi-
opsies during treatment. Since Mandel and Metais [36] first
discovered circulating nucleic acids in the blood of healthy
humans in 1948, ctDNA has been widely used in many
disciplines. Analysis of ctDNA can provide a noninvasive
method to assess prognosis and response to treatment [12].

Our meta-analysis assessed the prognostic significance of
ctDNA mutation in baseline or treatment samples from
melanoma patients and played a guiding role in the clinical
treatment of melanoma.

This meta-analysis included 16 studies including 1,781
melanoma patients for a prognostic analysis. We analyzed
differences in OS and PFS at the endpoint of observation for
mutations in ctDNA at baseline and after treatment. We also
calculated the relevant HRs and 95% Cls. The results revealed
that c¢tDNA mutation was significantly associated with the
prognosis of melanoma patients. Specifically, patients with
detectable ctDNA mutation tended to have adverse OS com-
pared to patients where ctDNA mutation was not detected,
either at baseline or after treatment. Patients with low or
undetectable ctDNA mutation at baseline tend to have better
PES compared with patients with high ctDNA mutation, and
baseline detectable ctDNA may be associated with adverse PFS.
Patients with decreased ctDNA levels tend to have favorable
PES compared with patients with increased ctDNA levels.
CtDNA BRAFY®® mutation is also a prognostic biomarker
with similar prognostic value. Patients with detectable
BRAF* ctDNA at baseline tend to have worse OS compared
to patients with undetectable BRAF'** ctDNA, while baseline
detectable BRAF"*” ctDNA may be associated with worse PES.

The result of our subgroup analysis stratified by target
gene showed that BRAFV®’ mutation was significantly
associated with worse OS, while patients with BRAF"?
ctDNA tended to have poor PES, although without statistical
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FiGure 5: Funnel plot and Egger’s test of meta-analysis for the association between baseline ctDNA and OS.

significance. However, the subgroups in which the associ-
ation between multiple gene ctDNA mutations and PFS or
OS was analyzed included one study each; therefore, the
results of the subgroup analysis were not representative or
comparable due to the differences in tumor stage, treatment,
and method of ctDNA assessment in the two studies.
Melanoma has the highest somatic cell mutation rate [37]
and a wide range of genomic alterations. BRAF mutations
occur frequently in up to 66% of patients with melanoma
[38], while these activation mutations in BRAF lead to
constitutive activation of kinase function independent of
upstream signaling from RAS, ultimately promoting cell
growth and inhibiting cell apoptosis [39]. NRAS mutations
occur in more than 20% of patients with cutaneous mela-
noma [40], leading to the activation of MAPK, PI3K, and
other cellular signaling pathways, and resulting in cell
growth, proliferation, and cell cycle dysfunction. According
to the data published by the TCGA network based on whole
exome sequence analysis of patients with primary and/or
metastatic melanoma, melanoma could be classified into
four genomic subtypes: mutant BRAF, mutant RAS, mutant
NF1, and Triple-WT (wild-type) [40]. The different genomic

subtypes may be of predictive value given the therapeutic
targets currently available [41]. Therefore, multigene ctDNA
mutation detection can better predict the prognosis of pa-
tients with melanoma.

The results of the subgroup analysis classified by
method of ctDNA assessment showed that ddPCR was
more effective than other methods. The content of ctDNA
in peripheral blood is very small, and the content and
nucleic acid polymorphisms in different patients vary
greatly [42]. Low-sensitivity methods will inevitably miss
some of the mutated ctDNA in patients’ peripheral blood
and produce false negative results. Therefore, the de-
tection of ctDNA requires highly specific and sensitive
techniques. DdPCR improves on the advantages of
standard PCR, improves accuracy, and reduces error
rates [43]. Furthermore, it is cost effective and rapid,
allowing highly sensitive detection of allelic variants with
a resolution of 0.005% and simultaneously detecting four
different mutations [44]. Although this technique allows
the detection of low-frequency mutations, pre-
identification of target genes is required. The high fre-
quency of BRAFY®" or NRAS?®" mutations in patients
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with melanoma enhances the effectiveness of ddPCR in a
majority of the cases [45].

The results of subgroup analysis stratified by sample
sources were consistent with the conclusions of Meddeb
et al. [46] in that plasma was a better source of ctDNA than
serum, this being because, during serum isolation, normal
DNA derived from leukocyte lysis during coagulation is
much lower than from plasma [47].

There are many biomarkers for the prognosis and pre-
diction of melanoma used clinically. The 8th edition
American Joint Committee on Cancer (AJCC) melanoma
staging system [48] determined that tumor thickness, mi-
totic rate, and ulceration were the most dominant prognostic
factors. In addition, the only circulating biomarker with
significant prognostic value is lactate dehydrogenase (LDH).
There are several other circulating biomarkers with diag-
nostic and prognostic value, such as C-reactive protein
(CRP), S100 protein (S100B), melanoma inhibitory activity
(MIA), etc. However, the poor sensitivity or specificity of
these markers seriously limits their routine use in melanoma
[49]. CtDNA is highly fragmented DNA that is distributed
by tumor cells into the circulation [50]. A study [51] has
shown that ctDNA carries genetic information from the
entire tumor genome and is a widely applicable, sensitive,
and specific biomarker, thus providing insight into the
clonal heterogeneity and evolution of all solid cancers at any
time. Our meta-analysis clearly indicated the detection of
ctDNA BRAFY®” and other gene mutations has shown
significant value in predicting treatment response and
outcome in melanoma. In addition to detecting mutated
ctDNA, epigenetic changes and loss of heterozygosity (LOH)
of ctDNA can also be detected and analyzed. Two studies by
Mori et al. [52, 53] demonstrate the utility of detecting
circulating methylated tumor-related genes as a potentially
predictive marker of overall survival, and hypermethylation
of estrogen receptor « predicting progression-free and
overall survival. Due to the small number of relevant studies,
we did not conduct a meta-analysis.

In the present meta-analysis, all patients in most of the
studies had advanced melanoma, while the patients in one
study were at stage II-III. Therefore, our conclusions are
applicable to patients with advanced melanoma. Due to the
limited number of studies, no subgroup analysis of tumor-
node-metastasis (TNM) staging was performed. In addition,
several limitations in this study should be addressed. We
may not have identified published or unpublished studies
with negative results, and some studies had a short follow-up
time or small sample sizes; therefore, the results should be
interpreted with caution. In addition, we hypothesized that
possible sources of bias are as follows, and these factors may
also lead to heterogeneity: (1) most studies only used uni-
variate analysis, and the size of effect values may be over-
estimated compared with multivariate analysis; (2)
multivariate analysis was used in some studies to obtain
accurate estimates, although the confounders used in
multivariate analysis were different, which may affect HR
values; (3) in most studies, multiple gene ctDNA mutations
were detected, which were not identical and may have in-
troduced bias; (4) not all HRs and 95% ClIs included in the
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meta-analysis were directly collected from the original ar-
ticles; thus, we extracted survival rates from Kaplan-Meier
curves by using Engauge Digitizer version 4.1 [20] to reduce
deviation; and (5) follow-up time and cutoff values were not
consistent, which may have also caused deviations in the
results.

5. Conclusion

Despite these limitations, our meta-analysis clearly indicates
the prognostic value of ctDNA mutations in melanoma; that
is, the presence or elevation of ctDNA mutation or
BRAFY% (tDNA mutation was significantly associated with
worse prognosis in melanoma patients. However, in view of
some of the limitations of this study, the results of our meta-
analysis need to be verified by further research. With further
exploration and understanding of ctDNA biological func-
tion and clinical value, as well as the validation of more
large-scale, high-quality prospective studies, ctDNA could
eventually be applied in clinical practice and may eventually
become part of routine melanoma staging.
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