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Abstract

Background: In patients with stage lll melanoma, the use of adjuvant radiation therapy (RT) after lymph node dis-
section (LND) may be currently considered in selected high-risk patients to improve tumor control. Melanomas harbor
BRAF mutations (BRAF4) in 40-50% of cases, the majority of which are on the V600E residue. This study sought to
compare the clinical outcomes after RT between patients with BRAF+ and BRAF— melanoma.

Methods: This was a retrospective review of 105 Stage Il melanoma patients treated at our institution with LND fol-
lowed by adjuvant RT from 2006 to 2019. BRAF mutational status was determined on the primary skin or nodal tissue
samples from all patients. We compared characteristics of the BRAF+ and BRAF— groups using Fisher's exact test and
Wilcoxon rank sum test and performed univariate and multivariate analysis using Kaplan—Meier estimates, log-rank
tests, and Cox proportional hazards modeling with the clinical outcomes of local-regional lymph node control, dis-
tant metastasis-free survival (DMFS), recurrence-free survival (RFS), and overall survival (OS).

Results: Fifty-three (50%) patients harbored a BRAF mutation (92%, pV600E). BRAF+ patients were younger and had
primary tumors more commonly found in the trunk vs head and neck compared to BRAF- patients (p <0.05). The

5 year local-regional control in the BRAF + patients was 60% compared to 81% in the BRAF- patients (HR 4.5, 95% Cl
1.3-15.5, p=0.02). There were no significant differences in 5-year DMFS, RFS, and OS rates between the two BRAF
patient groups. The presence of 4 or more positive LNs remained a significant prognostic factor for local-regional
lymph node control, RFS, and OS in multivariate analysis.

Conclusions: Stage Il melanoma patients with BRAF mutation treated with adjuvant RT had >4 times increased risk
of local recurrence or regional lymph node recurrence. These results could be useful for adjuvant RT consideration in
lymph node positive melanoma patients and supports other data that BRAF mutation confers radiation resistance.

Introduction

In patients with melanoma, a common site of metasta-
sis is the regional lymph node (LN) basin, and patients
with clinically positive regional LNs often undergo thera-
peutic lymph node dissection (LND) to reduce the risk
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of nodal recurrence. There is a significant risk of recur-
rence in stage III (node-positive) melanoma patients even
after LND, and 5-year survival rates range from 30 to 90%
depending on features such as number of LNs involved,
extracapsular extension, Breslow thickness, ulceration,
etc. [1, 2]. One treatment option to improve both local
and regional lymph-node control following LND is adju-
vant radiation therapy (RT). Adjuvant (post-operative)
RT is considered for patients who are at high-risk for
local and regional LN recurrence [2]. These high-risk
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criteria are based on the phase III ANZMTG 01.02/
TROG 02.01 trial which randomized patients with clini-
cally or pathologically positive LNs who had undergone
lymphadenectomy to adjuvant radiation or observation
and the trial results showed improved nodal relapse-free
survival in the adjuvant RT arm compared to the obser-
vation group [3].

The BRAF gene encodes a protein kinase (MAPK) that
regulates cellular growth and proliferation in tumor cells
[4]. Mutations in BRAF can cause constitutive activa-
tion of the MAPK pathway. The most common muta-
tion in the BRAF gene found in melanoma patients is the
substitution of a glutamic acid for a valine at the amino
acid 600 position (V600E). Approximately 50% of mela-
nomas harbor activating BRAF mutations, with 70—-90%
of these mutations being V600OE [5]. More recently, stage
III melanoma patients with BRAF mutations may receive
adjuvant treatment with either the combination BRAF
and MEK inhibitors, dabrafenib and trametinib or immu-
notherapy [6, 7]. BRAF wild-type patients may receive
adjuvant immunotherapy with one of the programmed
cell death protein 1 (PD-1) inhibitors, nivolumab or pem-
brolizumab, or the cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) inhibitor, ipilimumab [8-10]. The
benefit of adjuvant RT based on BRAF mutational status
is unclear. In addition, preclinical data suggest that BRAF
mutation increases radiation resistance in both anaplas-
tic thyroid cancer [11] and melanoma [12]. In this study,
we aimed to investigate the outcomes of adjuvant RT on
local and regional LN control along with other clinical
outcomes in patients with BRAF+ and BRAF— mela-
noma. Given the controversial nature of adjuvant RT, we
sought to determine whether either of these subpopula-
tions benefits more or less from adjuvant RT, and thereby
would be more or less suitable for this therapy.

Methods

Patient Selection

This was an institutional review board (IRB) approved
retrospective chart review. We reviewed the electronic
medical records of patients with clinical or radiographic
evidence of LN basin metastasis stage III melanoma who
went on to receive a therapeutic LND and adjuvant RT at
our institution from 2006 to 2018. Patients were excluded
if they received simultaneous systemic chemotherapy at
the time of adjuvant RT or if they had received previ-
ous RT in the nodal field. Ultimately, 105 patients were
included in the final analysis who met the above criteria
and had BRAF mutational status performed. For each
patient, we collected data related to demographics, stag-
ing, pathology, BRAF mutational status, treatment, and
outcomes.
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Staging and treatment

Clinical staging was done with a physical exam and CT
and/or MRI imaging. Pathologic staging was done after
LND according to the American Joint Committee on
Cancer (AJCC 7™ ED) guidelines based on tumor inva-
sion, LN involvement, and metastasis. All patients
underwent LND prior to radiation therapy. The major-
ity of patients received external beam radiation therapy
based on two fractionation schemes: 30 Gy over 5 frac-
tions (6 Gy/fraction) or 48 Gy over 20 fractions (2.4 Gy/
fraction). For patients with the primary site of disease in
the head and neck, standard fractionation schemes of
1.8-2 Gy/fraction, generally to 50-66 Gy were utilized.

Pathologic analysis

Pathologists specializing in melanoma at our institution
examined the LND specimens using AJCC criteria. The
features they assessed included tumor depth of invasion,
ulceration in primary, site of LNs, number of LNs posi-
tive, number of LNs dissected, size of largest melanoma
deposit, and extracapsular or extranodal invasion.

BRAF mutational status was determined from chart
review and was obtained through either a PCR-based
sequencing assay or FoundationOne® genomic analy-
sis that was requested by the provider team. Sequencing
was performed on either the initial biopsy, re-excision
specimen, or LND specimen. In the majority of cases,
this PCR-based BRAF assay was ordered by the treat-
ing oncologist for clinical purposes. For PCR testing,
genomic DNA was extracted from tumor tissue (fresh
frozen, or formalin fixed paraffin embedded tissue) and
Exon 15 of the BRAF gene was amplified by polymerase
chain reaction (PCR), and subsequently a SNPlex and/
or direct nucleotide sequencing by PCR-based cycle
sequencing method was used to evaluate for point muta-
tion in BRAF codon 600. Four of the 53 BRAF+ patients
were found on FoundationOne® testing to have a non-
V600E mutation: V600K (2), (1) G466R (1), and K601N

(1).

Statistical analysis

We compared characteristics between patients who
were BRAF+ and BRAF— using the Fisher’s exact test
for categorical variables and Wilcoxon rank sum test
for continuous variables. We evaluated clinical out-
comes including cumulative incidence of combined
local failure and regional LN failure distant metastasis-
free survival (DMFS), recurrence-free survival (RES),
and overall survival (OS). Local and/or regional failures
were defined as the interval from the date of LND to the
date of recurrence found on clinical exam or CT imag-
ing. Local relapse or regional lymph-node field relapse
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was defined as a first relapse either isolated or concurrent
with relapse at any other site. Time to lymph-node field
relapse was censored by relapse in other sites, death, the
cutoff date, and loss to follow-up. DMFS was defined as
the interval from the date of LND to the date of distant
failure reported on clinical imaging or death from any
cause. RFS was the interval from LND to local-regional
recurrence or distant failure, whichever occurred first
or death from any cause. OS was the time from LND to
death from any cause. Patients who were alive at the last
clinical follow-up visit were censored from the OS analy-
sis at that time.

We performed a univariate analysis of variables associ-
ated with local and LN recurrence, distant failures, RFS,
and OS using Kaplan—Meier estimates and log-rank tests.
We then performed a multivariate analysis of variables
associated with local and regional LN control, DMFS,
RFS, and OS using Cox proportional hazards modeling.
Statistical analysis was done using SPSS Statistics 27.
(IBM SPSS, Armonk, New York) and MedCalc for Win-
dows, version 19.4 (MedCalc Software, Ostend, Belgium).

Results

Patient and clinical characteristics

One hundred and five patients with Stage III melanoma
and available BRAF mutational status met the inclusion
criteria for our study. The demographic, clinical, patho-
logical, and treatment characteristics are displayed in
Table 1. In this cohort, 53 (50%) patients were found to
be positive for a BRAF mutation (BRAF+) and 52 (50%)
were negative for a BRAF mutation (BRAF-). The BRAF+
patients were younger compared to BRAF- patients
(median age 51.9 vs 61.7, p=0.08). There was no differ-
ence in the genders between the two groups (68% and
65% male). We found a statistically significant differ-
ence between the primary tumor sites between the two
groups. BRAF+ patients were more likely to have tumors
located in the trunk compared to the BRAF- patients
(34% vs 11%) while the BRAF- patients more commonly
had primary tumors located in the head and neck regions
(43% vs 19%, p =0.02 between all groups).

Pathological characteristics

We found that there were no significant differences
between the two groups in regard to depth of invasion
of the tumor on biopsy or presence of ulceration on the
biopsy pathology reports. The percentage of patients with
the number of tumor mitoses per mm? greater than 5
was higher in the BRAF+ group (38% vs 21%, p=0.036).
All patients underwent a LND, and the number of posi-
tive LNs was not found to be different between the two
groups (median 2.0 for both groups). In addition, there
were no significant differences in presence of ECE
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Table 1 Demographic, clinical, pathological, and treatment
characteristics of the BRAF+ and BRAF— melanoma groups

Variable BRAF+ BRAF— P
(n=53) (n=52)

Age (years)

<50 23 (43%) 10 (19%) 0.01
>50 30 (57%) 42 (81%)

Sex

Male 36 (68%) 34 (65%) 0.89
Female 17 (32%) 18 (35%)

Site of primary

Head and Neck 10 (19%) 23 (43%)

Trunk 18 (34%) 6 (11%) 0.02
Arm 10 (19%) 9 (17%)

Leg 11(21%) 9(17%)

Unknown (found only 4 (8%) 5 (9%)

in LNs)

Site of LND

Cervical 7 (19%) 14 (44%) 0.09
Axillary 18 (50%) 11 (34%)

Inguinal 11 (31%) 7 (22%)

Depth of invasion at biopsy

T1 (<1 mm) 3 (6%) 1 (2%)

T2 (>1-2mm) 4 (8%) 2 (4%) 0.58
T3 (>2-4 mm) 5 (10%) 8 (16%)

T4 (>4 mm) 16 (32%) 13 (27%)

Unknown 22 (44%) 25 (51%)

Ulceration in biopsy

No 17 (32%) 11 (21%) 0.38
Yes 19 (36%) 19 (37%)

Unknown 17 (32%) 22 (42%)

# of Mitosis in Biopsy (mm?)

0-2 10 (19%) 4 (8%) 0.04
3-5 6 (11%) 11 (21%)

>5 20 (38%) 11 (21%)

Unknown 17 (32%) 26 (50%)

# of LNs positive in LND

1(N1) 8 (35%) 8 (42%) 0.86
20r3(N2) 14 (61%) 10 (53%)

4+(N3) 1(4%) 1 (5%)

ECE found in LND

Yes 20 (56%) 14 (44%) 047
No 16 (44%) 18 (56%)

(p=0.47) or size of the largest tumor deposit within the
LND specimens (p=0.12).

Treatment characteristics

The median time between the LND and the start of RT
was not significantly different between the two groups
(median 4.27 for BRAF+ vs 4.81 months for BRAF—,
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p=0.1). The total dose of RT delivered was also not sig-
nificantly different between the groups (median 30 Gy
vs 36 Gy, p=0.55). The use of adjuvant systemic therapy
was also non-significant (60% vs 50%, p=0.33). With
regard to systemic therapy, 58 (55%) patients received
adjuvant systemic therapy, with therapies including
interferon (21), dendritic vaccine (4), ipilimumab (12),
pembrolizumab (2), nivolumab (5), dabrafenib plus
trametinib (2), and temozolomide (2) delivered after the
course adjuvant RT. Patients then underwent follow-up
exams and re-staging scans at intervals determined by
the treatment team.

Survival outcomes

The median follow-up was 23.8 and 27.6 months in the
BRAF+ and BRAF— groups, respectively. The 5-year
local and regional LN control rate was improved in the
BRAF— patients compared to the BRAF+ patients. The
total number of local or regional (LN) failures was 18
and 7 in the BRAF+and BRAF- groups, respectively. The
5-year local-regional LN failure rate in the BRAF+ was
48% (SD 7.9%) vs 19% (SD 6.6%) in the BRAF- patients
(p=0.0076) (Fig. 1a). All of the local-regional LN fail-
ures occurred within the first three years after RT. There
was no significant difference in DMFS between the
two groups, with the 5-year DMFS of 38% (SD 7%) in
the BRAF+ group vs 34% (SD 8%) in the BRAF- group,
p=0.79. RES was also not significantly different between
the two groups. The 5-year RFS was 23% vs 36% in the
BRAF+and BRAF— patients respectively (p=0.38).
Finally, the 5-year OS in the BRAF+ patients was 46%
(SD 8%) compared to 59% (SD 7%) in the BRAF- patients
(p=0.63) (Fig. 1b).
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Univariate and multivariate analysis

We performed univariate analysis of variables associ-
ated with local-regional LN control, DMFS, RFS, and
OS (Table 2). The only two variables found to signifi-
cantly correlate with worse local-regional control were
BRAF+ status (HR 2.7 95% CI 1.1.6.5 p=0.03) and >4
LNs positive (HR 3.3, 95% CI 1.4-8.2 p=0.01). There
were no variables significantly correlated with DMFS,
although the number of positive LNs and use of adju-
vant systemic therapy trended toward significance
(p<0.1). For RFS analysis, the two variables that were
found to be statistically significant were >4 LNs (HR
1.9, p=0.03) and the use of adjuvant systemic therapy
(HR 0.61, p=0.04). Lastly, only >4 LNs predicted for
worse OS (HR 2.3, p=0.02).

We next included BRAF status and the variables from
the univariate analysis with p values <0.1 into the mul-
tivariate analysis (Table 3). After including both BRAF
status and number of LNs positive in the local-regional
LN control multivariate analysis, both of these variables
remained independently significant for worse local-
regional LN control (BRAF+HR 4.5, p=0.02, >4 LNs
HR 2.8, p=0.03). BRAF status, number of LNs positive,
and use of adjuvant systemic therapy were included
in the multivariate analysis for DMFS and RFS. None
of these variables crossed the significance threshold
for DMFS. However, both >4 positive LNs and use of
adjuvant systemic therapy were significantly correlated
with RFS (>4 LNs HR, 1.87 p=0.04, adjuvant systemic
therapy HR 0.57, p=0.04). Lastly, >4 positive LNs pre-
dicted for worse OS on the multivariate analysis after
inclusion of BRAF status (HR 2.3, p=0.01).
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Table 2 Univariate analysis of clinical outcomes

Variable Local-Regional P DMFS P RFS P oS P
(LN) Control

BRAF status

Negative - 0.03 - 0.89 - 0.45 - 0.72

Positive 2.7 (1.1-6.5) 0.96 (0.58-1.6) 1.20 (0.75-1.9) 1.11(0.63-2.0)

Gender

Male - 0.12 - 0.89 - 0.87 - 0.87

Female 046 (0.17-1.2) 0.93 (0.55-1.6) 1.04 (0.63-1.7) 0.95(0.52-1.7)

Age

<50yrs - 0.54 - 0.55 - 0.60 - 0.22

<50yrs 0.77 (0.33-1.8) 1.12 (0.69-2.0) 1.14 (0.69-1.9) 146 (0.79-2.7)

Location of primary

Other - 0.99 - 0.57 - 0.71 - 0.23

Trunk 1.01 (0.35-2.9) 0.80(0.38-1.7) 0.86 (0.43-1.8) 0.57 (0.23-14)

Depth of invasion

<2mm - 0.94 - 0.70 - 091 - 0.51

<2mm 1.04 (0.43-2.5) 1.11 (0.64-1.9) 0.97 (0.58-1.6) 0.82 (0.45-1.5)

Ulceration of primary

No - 0.95 - 0.67 - 0.89 - 0.61

Yes 1.04 (0.36-2.9) 1.15(0.61-2.1) 0.96 (0.53-1.7) 1.20 (0.60-2.4)

# of Mitosis in primary

<5 - 0.74 - 0.83 - 0.86 - 0.72

>5 1.20 (041-34) 1.1 (0.56-2.0) 1.01 (0.58-1.9) 1.13(0.57-2.3)

# of LNs positive

<4 - 0.01 - 0.09 - 0.03 - 0.02

>4 334(14-82) 1.72(0.92-3.2) 1.88 (1.1-34) 2.26 (1.19-4.3)

ECE

No - 0.85 - 0.60 - 0.87 - 0.79

Yes 091 (0.35-24) 1.18 (0.62-2.2) 0.95(0.52-1.7) 1.09 (0.56-2.1)

Size of LN deposit

<30mm - 0.11 - 0.32 - 047 - 0.93

>30mm 041(0.14-1.2) 1.35(0.75-24) 1.23(0.70-2.1) 0.97 (0.51-1.9)

RT dose

<30Gy - 0.99 - 0.98 - 0.72 - 0.57

>30Gy 0.99 (0.46-2.2) 0.99 (0.60-1.6) 1.1(0.68-1.8) 0.85(0.48-1.5)

Time from LND to RT

<3 mos - 0.55 - 0.88 - 0.76 - 0.81

>3 mos 0.54 (0.7-4.0) 1.08 (0.39-3.0) 0.85(0.30-24) 1.14(041-3.2)

Adjuvant systemic Tx

No - 0.46 - 0.07 - 0.04 - 0.25

Yes 0.74 (0.34-1.6) 0.63 (0.38-1.0) 0.61 (0.4-0.99) 0.72 (041-1.3)

Discussion Adjuvant RT may be considered in patients who have

In this retrospective single institutional study, we found
stage III melanoma patients treated with LND and adju-
vant RT whose tumor exhibited a BRAF mutation had
significantly worse local-regional control compared
to patients with BRAF negative (wild-type) tumors. We
found no differences in the other clinical outcomes evalu-
ated, including DMFS, RFS, and OS.

radiographically, clinically or pathologically positive
nodes and meet certain criteria for high-risk for local
recurrence. The benefit of RT must be weighed against
potential toxicities. These high-risk criteria are based
on the phase III ANZMTG 01.02/TROG 02.01 trial
that randomized patients to adjuvant RT or observation
after LND with the following criteria: LDH < 1.5 times
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Table 3 Multivariate analysis of clinical outcomes

Variable Local-Regional P DMFS RFS P oS P
(LN) Control

BRAF status

Negative - 0.02 - 0.94 - 046 - 0.94

Positive 449 (1.3-15.5) 0.98 (0.55-1.7) 1.23(0.71-2.1) 1.02 (0.55-1.9)

# of LNs positive

<4 - 0.03 - 0.07 - 0.04 - 0.01

>4 2.79(1.1-6.9) 1.80 (0.95-34) 1.87 (1.0-34) 2.26(1.18-4.3)

Adjuvant systemic Tx

No - 0.09 - 0.04

Yes 0.62 (0.35-1.1) 0.57 (0.3-0.96)

the upper limit of normal, as well as >1 parotid, >2
cervical or axillary, or > 3 groin positive nodes, a maxi-
mum nodal diameter of >3 cm in the neck, >4 cm
in the axilla or groin, or nodal extracapsular exten-
sion [13]. After a median follow-up of 73 months, this
phase III trial showed improved regional LN control
in the adjuvant RT arm compared to the observation
group [3]. Twenty one percent of patients had nodal
relapses in the adjuvant RT group compared to 36% in
the observation group (HR 0.52 [95% CI 0.31-0.88];
p=0.023). However, there were no significant differ-
ences in relapse-free survival or OS between the two
groups. Additionally, adjuvant RT was associated with
long-term toxic effects such as pain and fibrosis of the
skin and subcutaneous tissues. Further, there was a sig-
nificant increase in lower limb volumes after adjuvant
radiotherapy (difference of 7.3% [95% CI 1.5-13.1];
»=0.014) [13].

Similar results to this phase III trial have also been
found in multiple retrospective studies, demonstrating an
improvement in local control with adjuvant RT, but not
long-term survival [14—17]. One retrospective study that
looked at 615 patients (509 who received adjuvant RT
and 106 who did not), did show that receiving adjuvant
RT was significantly associated with improved RFS on
multivariate analysis [18]. However, in a study compar-
ing patients from the National Cancer Database (NCDB)
who received adjuvant RT after LND versus those who
did not, the authors did not find adjuvant RT to be signif-
icantly associated with OS on multivariate analysis [17].
The lack of a clear survival benefit from adjuvant RT,
compounded with its additional toxicities and costs, has
limited its use in many centers. However, adjuvant RT is
still considered in selected high-risk patients in the latest
NCCN guidelines [19]. The results of this study poten-
tially identify a subgroup of high-risk patients where
perhaps adjuvant RT should be further evaluated (e.g.
omission versus local/regional treatment intensification).

Over the past couple of decades, there has been a
dramatic change in systemic therapies for melanoma.
This change has been underscored by a better under-
standing of the disease’s genetic and immunologic
underpinnings. One of the major advancements in our
understanding is the role that the mitogen-activated
protein kinase (MAPK) signal transduction pathway
plays in the pathogenesis of melanoma. The primary
activating mutation implicated in this pathway is in the
BRAF gene [4, 20]. BRAF mutations are found in about
40-60% of melanomas, with about 80% occurring as a
V600E mutation, 5-30% as V600K mutations, and the
rest other rare mutations [21-23]. BRAF mutation has
been associated as a poor prognostic factor in other
cancer types, for example in papillary thyroid cancer
[24]. BRAF mutation was associated with worse OS in
the Medical Research Council Fluorouracil, Oxaliplatin
and Irinotecan: Use and Sequencing (MRC FOCUS)
rectal trial, with a hazard ratio [HR] of 1.40 (95% ClI,
1.20 to 1.65; p<0.0001) [25]. In melanoma, a French
institutional cohort of Stage III melanoma patients of
which 40% had confirmed BRAF+ mutational status
showed BRAF mutant patients had significantly worse
overall survival and distant metastasis-free survival.
However, there was no data on the use of adjuvant RT
available in this report [26]. An unanswered question is
the potential benefit of adjuvant radiation in combina-
tion with BRAF and MEK inhibitors in resected BRAF
mutated patients. In the COMBI-AD trial, patients
with stage III melanoma and BRAF V600E or V600K
mutations were randomized to receive 12 months oral
dabrafenib plus trametinib or two matched placebos
without radiation. 7 At the five-year analysis, patients
in the treatment arm had significantly improved RFS
(hazard ratio for relapse or death, 0.51; 95% CI, 0.42
to 0.61). Importantly, patients who received the com-
bination treatment had roughly half the local/regional
relapse events as the first site of relapse compared to
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the placebo arm (14% vs 26%).” Whether adding radia-
tion could further improve local and regional (LN)
control rates in these patients has not been studied in
clinical trials.

There is emerging pre-clinical and clinical evidence
that BRAF or upstream KRAS mutations in cancer cells
results in heightened radiation resistance. Pre-clinical
studies revealed that KRAS inhibition through silencing
with siRNAs or pharmaceutical inhibition of farnesyla-
tion of KRAS led to radiosensitization of tumor cells [27,
28]. In clinical studies, patients with Stage I non-small
cell lung cancer (NSCLC) or liver metastasis treated
with ablative radiation (i.e. stereotactic body radiation
therapy, SBRT) whose tumors were KRAS mutant had
worse local control compared to patients with KRAS
wild-type tumors [29, 30]. Furthermore, a pre-clinical
study recently showed that BRAF V600E + thyroid can-
cer cell lines displayed higher resistance to radiation,
and forced expression of a BRAF V600E mutation into
wild-type BRAF thyroid cancer cells resulted in increased
radiation resistance in vitro [11]. In this study, targeted
inhibition of oncogenic BRAF with vemurafenib potently
radiosensitized BRAF mutant thyroid cancer cells in vitro
and in vivo. In melanoma cells specifically, Sambade et al.
showed treatment of BRAF mutated cell lines with the
BRAF inhibitor, vemurafenib, in combination with radia-
tion resulted in radiosensitization through an increase in
G1 arrest [12].

Our study has some limitations such as the inherent
biases in all retrospective studies. Although we found a
difference in local and regional recurrences in the BRAF
mutated patients, this did not impact other clinical out-
comes such as RFS or OS. Another limitation was related
to the treatment era of most of the study patients, when
immunotherapy and molecularly-targeted agents were
not standardly like the current era. Additionally, there
was no standardization of adjuvant treatment decisions
including radiation dose and fractionation, or systemic
agent usage at our institution. Finally, changing standards
of care with regard to completion lymph node dissection
(e.g. related to the results of the MSLT2 trial) make it
more challenging to interpret our results in the context of
current clinical care.

The use of adjuvant RT in stage III melanoma is some-
what controversial in the immunotherapy era. The RES in
the EORTC 1325 and EORTC 18071 trials were signifi-
cantly improved, but local-regional recurrence was still
12-15% [10, 31]. We argue that a more selective delivery
of adjuvant RT should be considered in patients based
on the results of this study. Without strong randomized
evidence, the future analysis of prospectively collected
multi-institutional and multi-national data could result
in high quality evidence as a surrogate for performing a
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phase III trial, as is being studied in non-melanoma skin
cancers through the SKIN-COBRA large database pro-
ject [32].

Conclusions

In this study, we found an increased rate of local-regional
recurrence after adjuvant RT in patients whose tumors
are BRAF+ compared to BRAF-. We speculate that this
might relate to increased radiation resistance in tumors
harboring a BRAF mutation, or perhaps a more aggres-
sive biology of stage III disease driven by mutant BRAF.
We also found the number of LNs positive was a factor
significantly associated with worse local-regional control
and OS on multivariate analysis, which is consistent with
results of previous studies [33—35]. Given the small sam-
ple size of this study and other limitations, a larger study
is needed to confirm the association of BRAF mutation
with decreased local-regional control after RT. However,
our findings suggest that caution should be exercised
before recommending adjuvant RT to the nodal basin
for patients at high risk of recurrence whose tumors are
BRAF+, and that novel therapeutic strategies to reverse
potential radiation resistance associated with BRAF
mutation should be explored.

Acknowledgements
None.

Authors’ contributions

AW acquired, analyzed and interpreted the data and was primarily respon-
sible for generating the tables and figures and writing the manuscript. PC
acquired data and helped with writing of the introduction and discussion. MS
helped with writing of the manuscript and helped editing. EM, SW, KK, and
EW reviewed the manuscript and provided invaluable feedback for additional
studies and editing of the final manuscript. TW designed this study and
provided the resources for the completion of the study. All authors read and
approved the final manuscript.

Funding

This work was supported by the following grants: NIH RO1CA246553 (T.W.),
RSNA Resident Research Grant (AW./T.W.). Research reported in this article was
also supported by The Ohio State University Comprehensive Cancer Center
(OSU-CCC) and National Institute of Health (P30 CA016058).

Availability of data and materials
All data generated or analyzed during this study are included in the published
article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
None.

Author details
'Department of Radiation Oncology, The University of Arkansas for Medi-
cal Sciences, The Winthrop P. Rockefeller Cancer Institute, Little Rock, AR,



Wolfe et al. Radiat Oncol (2021) 16:181

USA. ?Division of Hematology-Oncology, Department of Internal Medicine,
University of Chicago, Chicago, IL, USA. Department of Radiation Oncology,
The Ohio State University Wexner Medical Center, Columbus, OH, USA. *Divi-
sion of Hematology-Oncology, Department of Internal Medicine, The Ohio
State University Wexner Medical Center, Columbus, OH, USA. *Department
of Radiation Oncology, Moffitt Cancer Center, Tampa, FL, USA. ®Department
of Radiation Oncology, City of Hope National Medical Center, 1500 E. Duarte
Road, Duarte, CA 91010, USA.

Received: 6 April 2021 Accepted: 30 August 2021
Published online: 18 September 2021

References

1. Gershenwald JE, Scolyer RA, Hess KR, Sondak VK, Long GV, Ross M,

Lazar AJ, Faries MB, Kirkwood JM, McArthur GA et al: Melanoma stag-
ing: evidence-based changes in the American Joint Committee on
Cancer eighth edition cancer staging manual. CA Cancer J Clin 2017,
67(6):472-92.

2. Coit D.G, Thompson J.A, Albertini MR: NCCN Clinical Practice Guidelines
in Oncology Cutaneous Melanoma. Version 1.2019 — November 1, 2018.

3. Henderson MA, Burmeister BH, Ainslie J, Fisher R, Di lulio J, Smithers BM,
Hong A, Shannon K, Scolyer RA, Carruthers S et al: Adjuvant lymph-node
field radiotherapy versus observation only in patients with melanoma
at high risk of further lymph-node field relapse after lymphadenectomy
(ANZMTG 01.02/TROG 02.01): 6-year follow-up of a phase 3, randomised
controlled trial. Lancet Oncol 2015, 16(9):1049-60.

4. Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, Teague J, Wof-
fendin H, Garnett MJ, Bottomley W, et al. Mutations of the BRAF gene in
human cancer. Nature. 2002;417(6892):949-54.

5. Greaves WO, Verma S, Patel KP, Davies MA, Barkoh BA, Galbincea JM, Yao
H, Lazar AJ, Aldape KD, Medeiros LJ, et al. Frequency and spectrum of
BRAF mutations in a retrospective, single-institution study of 1112 cases
of melanoma. J Mol Diagn. 2013;15(2):220-6.

6. Long GV, Stroyakovskiy D, Gogas H, Levchenko E, de Braud F, Larkin J,
Garbe C, Jouary T, Hauschild A, Grob JJ, et al. Dabrafenib and trametinib
versus dabrafenib and placebo for Val600 BRAF-mutant melanoma: a
multicentre, double-blind, phase 3 randomised controlled trial. Lancet.
2015,386(9992):444-51.

7. Dummer R, Hauschild A, Santinami M, Atkinson V, Mandala M, Kirkwood
JM, Chiarion SileniV, Larkin J, Nyakas M, Dutriaux C, et al. Five-year analy-
sis of adjuvant dabrafenib plus trametinib in stage lll melanoma. N Engl J
Med. 2020;383(12):1139-48.

8. Weber J, Mandala M, Del Vecchio M, Gogas HJ, Arance AM, Cowey CL,
Dalle S, Schenker M, Chiarion-SileniV, Marquez-Rodas |, et al. Adjuvant
nivolumab versus ipilimumab in resected stage Il or IV melanoma. N Engl
J Med. 2017,377(19):1824-35.

9. Eggermont AMM, Blank CU, Mandala M, Long GV, Atkinson V, Dalle S,
Haydon A, Lichinitser M, Khattak A, Carlino MS, et al. Adjuvant pembroli-
zumab versus placebo in resected Stage Ill melanoma. N Engl J Med.
2018;378(19):1789-801.

10. Eggermont AMM, Chiarion-SileniV, Grob J-J, Dummer R, Wolchok JD,
Schmidt H, Hamid O, Robert C, Ascierto PA, Richards JM, et al. Prolonged
Survival in Stage Il melanoma with ipilimumab adjuvant therapy. N Engl
J Med. 2016;375(19):1845-55.

11. RobbR,Yang L, Shen C, Wolfe AR, Webb A, Zhang X, Vedaie M, Saji M,
Jhiang S, Ringel MD, et al. Inhibiting BRAF oncogene-mediated radiore-
sistance effectively radiosensitizes BRAF(V60OE)-mutant thyroid cancer
cells by constraining DNA double-strand break repair. Clin Cancer Res.
2019;25(15):4749-60.

12. Sambade MJ, Peters EC, Thomas NE, Kaufmann WK, Kimple RJ, Shields JM.
Melanoma cells show a heterogeneous range of sensitivity to ionizing
radiation and are radiosensitized by inhibition of B-RAF with PLX-4032.
Radiother Oncol. 2011;98(3):394-9.

13. Burmeister BH, Henderson MA, Ainslie J, Fisher R, Di lulio J, Smithers BM,
Hong A, Shannon K, Scolyer RA, Carruthers S, et al. Adjuvant radiotherapy
versus observation alone for patients at risk of lymph-node field relapse
after therapeutic lymphadenectomy for melanoma: a randomised trial.
Lancet Oncol. 2012;13(6):589-97.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Page 8 of 9

Strojan P, Jancar B, Cemazar M, Perme MP, Hocevar M. Melanoma metas-
tases to the neck nodes: role of adjuvant irradiation. Int J Radiat Oncol
Biol Phys. 2010;77(4):1039-45.

Bibault JE, Dewas S, Mirabel X, Mortier L, Penel N, Vanseymortier L,
Lartigau E. Adjuvant radiation therapy in metastatic lymph nodes from
melanoma. Radiat Oncol. 2011;6:12.

Pinkham MB, Foote MC, Burmeister E, Thomas J, Meakin J, Smithers BM,
Burmeister BH. Stage Ill melanoma in the axilla: patterns of regional
recurrence after surgery with and without adjuvant radiation therapy. Int
JRadiat Oncol Biol Phys. 2013;86(4):702-8.

Danish HH, Patel KR, Switchenko JM, Gillespie TW, Jhaveri J, Chowdhary
M, Abugideiri M, Delman KA, Lawson DH, Khan MK. The influence of post-
operative lymph node radiation therapy on overall survival of patients
with stage Ill melanoma, a National Cancer Database analysis. Melanoma
Res. 2016;26(6):595-603.

Agrawal S, Kane JM 3rd, Guadagnolo BA, Kraybill WG, Ballo MT. The ben-
efits of adjuvant radiation therapy after therapeutic lymphadenectomy
for clinically advanced, high-risk, lymph node-metastatic melanoma.
Cancer. 2009;115(24):5836-44.

Coit DG, Thompson JA, Albertini MR, Barker C, Carson WE, Contreras C,
Daniels GA, DiMaio D, Fields RC, Fleming MD et al: Cutaneous melanoma,
version 2.2019, NCCN clinical practice guidelines in oncology. J Nat!
Compr Canc Netw 2019, 17(4):367-402.

Dhillon AS, Hagan S, Rath O, Kolch W. MAP kinase signalling pathways in
cancer. Oncogene. 2007,26(22):3279-90.

Long GV, Menzies AM, Nagrial AM, Haydu LE, Hamilton AL, Mann GJ,
Hughes TM, Thompson JF, Scolyer RA, Kefford RF. Prognostic and clinico-
pathologic associations of oncogenic BRAF in metastatic melanoma. J
Clin Oncol. 2011;29(10):1239-46.

Menzies AM, Haydu LE, Visintin L, Carlino MS, Howle JR, Thompson JF, Kef-
ford RF, Scolyer RA, Long GV. Distinguishing clinicopathologic features of
patients with V600E and V600K BRAF-mutant metastatic melanoma. Clin
Cancer Res. 2012;18(12):3242-9.

McArthur GA, Chapman PB, Robert C, Larkin J, Haanen JB, Dummer R,
Ribas A, Hogg D, Hamid O, Ascierto PA, et al. Safety and efficacy of vemu-
rafenib in BRAF(V600E) and BRAF(V600K) mutation-positive melanoma
(BRIM-3): extended follow-up of a phase 3, randomised, open-label study.
Lancet Oncol. 2014;15(3):323-32.

Liu C, Chen T, Liu Z. Associations between BRAFV600E and prognostic
factors and poor outcomes in papillary thyroid carcinoma: a meta-analy-
sis. World J Surg Oncol. 2016;14(1):241.

Richman SD, Seymour MT, Chambers P, Elliott F, Daly CL, Meade AM,
Taylor G, Barrett JH, Quirke P. KRAS and BRAF mutations in advanced
colorectal cancer are associated with poor prognosis but do not preclude
benefit from oxaliplatin or irinotecan: results from the MRC FOCUS trial. J
Clin Oncol. 2009;27(35):5931-7.

Moreau S, Saiag P, Aegerter P, Bosset D, Longvert C, Hélias-Rodzewicz Z,
Marin C, Peschaud F, Chagnon S, Zimmermann U, et al. Prognostic value
of BRAF(V®®) mutations in melanoma patients after resection of meta-
static lymph nodes. Ann Surg Oncol. 2012;19(13):4314-21.

Bernhard EJ, McKenna WG, Hamilton AD, Sebti SM, Qian Y, Wu J, Muschel
RJ. Inhibiting ras prenylation increases the radiosensitivity of human
tumor cell lines with activating mutations of ras oncogenes. Can Res.
1998;58(8):1754-61.

Brunner TB, Cengel KA, Hahn SM, Wu J, Fraker DL, McKenna WG, Bernhard
EJ. Pancreatic cancer cell radiation survival and prenyltransferase inhibi-
tion: the role of K-Ras. Can Res. 2005;65(18):8433-41.

Mak RH, Hermann G, Lewis JH, Aerts HJWL, Baldini EH, Chen AB, Colson
YL, Hacker FH, Kozono D, Wee JO, et al. Outcomes by tumor histol-

ogy and KRAS mutation status after lung stereotactic body radiation
therapy for early-stage non-small-cell lung cancer. Clin Lung Cancer.
2015;16(1):24-32.

Hong TS, Wo JY, Borger DR, Yeap BY, McDonnell El, Willers H, Blaszkowsky
LS, Kwak EL, Allen JN, Clark JW et al: Phase Il Study of Proton-Based
Stereotactic Body Radiation Therapy for Liver Metastases: Importance of
Tumor Genotype. J Natl Cancer Inst 2017, 109(9).

Eggermont AMM, Blank CU, Mandala M, Long GV, Atkinson VG, Dalle

S, Haydon AM, Meshcheryakov A, Khattak A, Carlino MS, et al. Longer
follow-up confirms recurrence-free survival benefit of adjuvant pembroli-
zumab in high-risk stage Il Melanoma: updated results from the EORTC
1325-MG/KEYNOTE-054 trial. J Clin Oncol. 2020;38(33):3925-36.



Wolfe et al. Radiat Oncol (2021) 16:181

32. LancellottaV, Guinot JL, Fionda B, Rembielak A, Di Stefani A, Gentileschi S,
Federico F, Rossi E, Guix B, Chyrek AJ, et al. SKIN-COBRA (Consortium for
Brachytherapy data Analysis) ontology: the first step towards interdisci-
plinary standardized data collection for personalized oncology in skin
cancer. J Contemp Brachytherapy. 2020;12(2):105-10.

33. Balch CM, Soong SJ, Gershenwald JE, Thompson JF, Reintgen DS, Cas-
cinelli N, Urist M, McMasters KM, Ross M, Kirkwood JM, et al. Prognostic
factors analysis of 17,600 melanoma patients: validation of the American
Joint Committee on Cancer melanoma staging system. J Clin Oncol.
2001;19(16):3622-34.

34, White RR, Stanley WE, Johnson JL, Tyler DS, Seigler HF. Long-term survival
in 2505 patients with melanoma with regional lymph node metastasis.
Ann Surg. 2002;235(6):879-87.

Page 9 of 9

35. Khosrotehrani K, van der Ploeg AP, Siskind V, Hughes MC, Wright A,
Thomas J, Barbour A, Allan C, Bayley G, Eggermont A, et al. Nomograms
to predict recurrence and survival in stage IlIB and IIIC melanoma after
therapeutic lymphadenectomy. Eur J Cancer. 2014;50(7):1301-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	BRAF mutation correlates with worse local–regional control following radiation therapy in patients with stage III melanoma
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Patient Selection
	Staging and treatment
	Pathologic analysis
	Statistical analysis

	Results
	Patient and clinical characteristics
	Pathological characteristics
	Treatment characteristics
	Survival outcomes
	Univariate and multivariate analysis

	Discussion
	Conclusions
	Acknowledgements
	References


