
Abstract 
Background/Aim: Recently, neoantigen (NA) profiling has been intensively performed for the development of novel 
immunotherapy. We previously reported a melanoma case with a high tumor mutation burden that achieved complete 
remission after anti‑programmed death‑1 therapy. We herein revisited the same case, characterized the NA profiles 
of other metastatic lesions using in silico algorithms and in vitro CTL assays, and investigated the immunological 
status, including tumor‑infiltrating lymphocytes and the T cell receptor (TCR) repertoire profile, in metastatic sites.  
Materials and Methods: NA candidates obtained from whole‑exome sequencing were applied to the HLA‑binding prediction 
algorithm, NetMHCpan4.1. HLA‑A*2402‑restricted sequence candidates with a strong binding capacity (<50 nM) and 
elution affinity (<1%) were selected and evaluated for synthetic peptide candidates. The immunological status in metastatic 
sites was characterized using gene expression profiling, immunohistochemistry, and a TCR repertoire analysis.  
Results: The genomic analysis revealed that all metastatic sites, such as costal, intra‑muscular, and brain lesions, had 
>1,500 SNVs, and 12 driver mutations were common to all sites. New driver mutations were identified in intra‑
muscular (KMT2C: p.P3292S) and brain (JAK1: p.S404P) metastases and a functional analysis of these mutations 
revealed that JAK1 mutation exhibited a promoting effect on invasion activity. CTL assays using synthetic NA peptides 
identified more NA epitopes in brain metastasis.  
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Conclusion: These results might suggest that the heterogeneity of driver gene mutations is unremarkable, while 
immunological response is variable in metastatic sites. As a result, the genomic and immunological investigation has 
provided a very valuable and informative suggestion regarding better cancer therapy decisions. 
 
Keywords: High TMB melanoma, multiple metastases, neoantigens, driver gene mutations, immunological status.

Introduction 
 
With advances in next‑generation sequencing (NGS) 
technology and RNA sequencing, the identification of 
novel neoantigens (NA) mainly derived from passenger 
mutations has been successful in many clinical trials on 
immune checkpoint blockade therapy (1‑3). Specific 
complex NA‑based peptide or mRNA vaccines comprising 
multiple NA‑derived mutant sequences have been 
developed in early‑phase clinical trials for advanced 
melanoma, non‑small cell lung cancers, and pancreatic 
cancers (4‑8). However, the development of efficient NA 
identification pipelines based on HLA‑epitope binding 
algorithms and HLA‑DNA typing tools is still very 
challenging. Therefore, an HLA‑rapid typing tool and high‑
throughput‑based NA identification system are urgently 
needed (9‑11). The NA profiles of multiple metastatic 
lesions have yet to be elucidated because of 
immunological editing and heterogeneity inside tumors, 
which are other challenges that warrant further study. 

We previously reported a melanoma case with 
multiple metastases (rib, intra‑muscular and brain) and a 
high tumor mutation burden (TMB) that achieved 
complete remission after anti‑programmed death‑1 (PD‑
1) therapy. We identified the novel NA ARMT1 in costal 
metastasis (12). In the present study, we revisited the 
same case and characterized the immunological features 
of each metastatic tumor microenvironment using tumor‑
infiltrating lymphocytes (TIL) and a T cell receptor (TCR) 
repertoire analysis. We also investigated NA candidate 
sequences in new metastatic lesions using NGS‑based 
whole‑exome sequencing (WES) and HLA‑peptide binding 
algorithms. Consequently, we evaluated the evolutionary 
landscape of driver gene mutations and characterized the 

immunological status of multiple metastatic lesions 
during cancer progression.  
 
Materials and Methods 
 
Reagents and cell lines. Recombinant human (rh) 
granulocyte macrophage colony‑stimulating factor, rh‑
interleukin (IL)‑1β, rhIL‑2, rhIL‑4, rhIL‑7, tumor necrosis 
factor (TNF)‑α, interferon (IFN)‑α, IFN‑γ, and Poly I/C 
were used for dendritic cell production and cytotoxic T cell 
cultures, as previously described (13). TISI cells were used 
for the IFN‑γ production assay. Human melanoma cell 
lines, such as A357, C32, and RPMI7951 [the American 
Type Culture Collection (ATCC), Manassas, VA, USA], were 
used in gene transduction experiments. 

The following antibodies were used for immuno‑
fluorescence (IF) staining. An anti‑CD4 mouse monoclonal 
antibody (4B12, Cat. No. MA5‑12259) and anti‑CD68 
rabbit polyclonal antibody (Cat. No. 25747‑1‑AP) were 
purchased from Thermo Fisher Scientific (Waltham, MA, 
USA). An anti‑PD‑1 mouse monoclonal antibody (NAT105, 
Cat. No. ab52587) and anti‑FoxP3 mouse monoclonal 
antibody (236A/E7, Cat. No. ab20034) were purchased 
from Abcam (Cambridge, UK). An anti‑CD8 mouse 
monoclonal antibody (144B, Cat. No. GTX72053, Gene Tex 
Inc., Irvine, CA, USA) and anti‑CD204 mouse monoclonal 
antibody (SRA‑C6, Cat. No. KT118, Trans Genic Inc., Kobe, 
Japan) were also purchased. 

 
The HOPE Project at the Shizuoka Cancer Center (SCC). The 
High‑tech Omics‑based Patient Evaluation (HOPE) project 
has been conducted since 2014 according to the Ethical 
Guidelines for Human Genome and Genetic Analysis 
Research and this study was approved by the Institutional 
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Review Board of SCC, Japan (Authorization Number: 25‑
33). Comprehensive WES with next‑generation sequencers 
and gene expression profiling with DNA microarrays were 
performed using cancer tissues and PBMCs from cancer 
patients as previously described (14). 

In the present study, we revisited the melanoma case 
with a high TMB and multiple metastases, investigated NA 
candidate sequences from new metastatic lesions using 
NGS‑based WES and HLA‑peptide binding algorithms, and 
characterized the immunological status in metastatic sites.  

 
Characterization of immune response‐associated gene 
expression among three metastatic lesions from the high‐
TMB melanoma patient. The immune response‑associated 
gene panel was previously reported (15). The expression 
levels of immune response‑associated genes were 
compared among three metastatic lesions from a 
melanoma patient. Genes with expression levels that 
changed by more than 10‑fold on a log2‑transformed scale 
from those in the costal metastatic lesion were selected. 

 
Peptide synthesis and CTL induction assay. HLA‑A*2402‑
restricted sequence candidates with a strong binding 
capacity (<50 nM) and elution affinity (<1%) were 
selected (12 peptide sequences from intra‑muscular 
metastasis and 13 peptide sequences from brain 
metastasis) and subjected to chemical peptide synthesis 
in our institute as previously reported.  

Regarding peptide‑specific CTL induction, cultures of 
PBMCs from four HLA‑A*2402+ cancer patients were used 
for in vitro CTL induction with mature DC stimulations. 
Briefly, cancer patient‑derived CTLs given 2 rounds of a 
mature DC stimulation were used in the IFN‑γ production 
assay based on a co‑culture of CTLs with specific peptide‑
treated TISI cells. 

 
T cell receptor gene repertoire analysis using human TCRα 
and TCRβ profiling kit. Total RNAs were isolated from three 
metastatic tumors (rib, intra‑muscular, and brain lesions) 
and subjected to the Switching Mechanisms at 5’ End of RNA 
Template (SMARTerTM) human TCRα and TCRβ profiling kit 

(Clontech Laboratories Inc., Mountain View, CA, USA) and 
Miseq NGS system (Illumina Inc., San Diego, CA, USA) as 
previously reported (15). The TCR repertoire analysis was 
performed based on hypervariable VDJ segment sequencing 
using MiTCR software for a T cell receptor sequencing data 
analysis (http://mitcr.milaboratory.com/). 

 
JAK1 mutant gene transduction into melanoma cell lines. 
Human melanoma cell lines (A375, C32, and RPMI7951) 
were subjected to JAK1 mutant (p.S404P) gene 
transduction. Briefly, JAK1 mutant (p.S404P) gene cDNA 
was synthesized (Invitrogen, Thermo Fisher Scientific, 
Waltham, MA, USA), cloned into a vector, and transduced 
into three melanoma cells using the NeonTM Transfection 
System via electroporation (Invitrogen). Cells were then 
seeded at a single‑cell level on 96‑well microplates using 
FACSAria (BD Biosciences, Franklin Lakes, NJ, USA). 
Proliferated clones were selected and JAK1 mutation‑
harboring clones were screened by Sanger sequencing 
using a DNA sequencer (3500 xL Genetic Analyzer, Applied 
Biosystems, Thermo Fisher Scientific). Stable JAK1 mutant 
clones were used in invasion assays. 

 
Cell invasion assay. Invasion assays using parental (wild‑
type JAK1 gene) and JAK1 gene mutant melanoma cell 
lines were performed as previously described (16). 
Briefly, melanoma cells (2.5×104) suspended in serum‑
free RPMI1640 medium were added to Corning® 
BioCoat® Matrigel® Invasion Chambers with an 8.0‑µm 
PET Membrane in two 24‑well plates (#354480, Corning 
Inc., Corning, NY, USA) and RPMI1640 medium with 2% 
FBS was added to the lower wells. After an incubation for 
24 h, cells that invaded through the membrane were 
stained with the Differential Quik III stain kit 
(Polysciences Inc., Warrington, PA, USA) and counted 
using microscopy. 

 
Immunofluorescence (IF) staining. Formalin‑fixed paraffin‑
embedded (FFPE) cancer tissue blocks and sections were 
made from three metastatic tumors derived from a 
melanoma patient. IF staining was performed using the 



Opal 4‑color IHC kit (Perkin‑Elmer Inc., Waltham, MA, 
USA) and evaluated under a fluorescent Zeiss imager Z1 
microscope (Carl Zeiss, Oberkochen, Germany). Positive 
cell numbers in five fields of view in sections of each tumor 
at a high magnification (×200) stained with various 
antibodies were calculated using the image‑analyzing 
software, WinRoof (Mitani Corporation, Tokyo, Japan) 
based on an in‑house algorithm (17). 

 
Statistical analysis. The significance of differences was 
analyzed using the Student t‑test, Wilcoxon rank sum test 
or Mann–Whitney U‑test. p‐Values <0.05 were considered 
to be significant. 
 
Results 
 
Genomic characterization of three metastatic lesions in the 
high‐TMB melanoma patient. Single‑nucleotide variants 
(SNVs) of all exonic mutations in each metastatic tumor 
included nonsynonymous, synonymous, and indels/ 
frameshift mutations. The methods for assessing TMB 
were previously described (14). Metastatic sites were 
costal, intra‑muscular, and brain lesions, respectively. Total 
SNV numbers were similar in the three metastatic sites, 
and most were missense mutations. The TMB number was 
approximately 90 in each lesion (Table I).  

 
Time‐dependent evolution of genetic mutation profiles in 
metastatic lesions. Mutant SNVs from various metastatic 

tumors were classified into driver mutations and passenger 
mutations (Figure 1). The evolution of genetic mutation 
profiles in costal, intra‑muscular, and brain metastases 
occurred in a time‑dependent manner. Common mutations 
comprising 1345 SNVs, including 12 driver mutations, 
were identified in the three metastatic tumors. A new 
driver mutation (KMT2C: p.P3292S) was confirmed in 
intra‑muscular metastasis, while another new driver 
mutation (JAK1: p.S404P) was identified in brain 
metastasis (Figure 1).  

 
Expression levels of core driver gene mutations in three 
metastatic lesions. Twelve core driver mutations were 
maintained in every metastatic lesion. In addition, 
although mutant PDGFRA gene expression was 
upregulated in intra‑muscular metastasis, the expression 
levels of 12 core driver mutations remained unchanged in 
metastatic lesions (Table II).  

 
Changes in expression levels of immune response‐
associated genes in three metastatic lesions. Twenty‑six 
genes with expression levels that changed by more than 
10‑fold on a log2‑transformed scale from those in the 
costal metastatic lesion were selected. Fold changes in 
gene expression from those in the costal metastatic lesion 
(rated as 1.0) are shown in Figure 2. In the intra‑muscular 
lesion, the expression of antibody production and tertiary 
lymphoid structure‑associated genes, such as the CCL19, 
CCL21, IL4, CXCL13, and CD40LIG genes, was upregulated. 
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Table I. Genomic characterization of three metastatic lesions from the high‐TMB melanoma patient. 
 
Metastatic site                                                        Costal                                             Soft tissue (intra‑muscular)                                    Brain (cerebrum) 
 
Histology                                         Metastatic malignant melanoma               Metastatic malignant melanoma                 Metastatic malignant melanoma 
GEP data                                                                 T and N                                                              T and N                                                                  T only 
Total SNV#                                                               1542                                                                   1730                                                                     1739 
Frameshift                                                                    5                                                                           3                                                                             8 
Missense                                                                   1379                                                                   1543                                                                     1546 
Splice                                                                            12                                                                        14                                                                          15 
 TMB                                                                             88                                                                        92                                                                          91 
Candidate peptide                                         YA001~YA030                                                 YA062~YA073                                                   YA049~YA061 
 
TMB: Tumor mutation burden; SNV: single nucleotide variant.



In addition, among brain metastasis, the expression of 
inflammation‑associated genes (TNFRSF11B, PTGS2, and 
TREM1) as well as chemokine genes (CCL3 and CCL4) was 
upregulated. 

Identification of NA candidate peptide sequences and CTL 
induction activity measurements. Twelve NA peptide 
candidates (BA <1,000 nM and EL <2% rank) with the 
HLA‑A*2402 restriction were screened from intra‑
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Figure 1. A genomic analysis of mutational evolution in a metastatic melanoma case. The High‐tech Omics‐based Patient Evaluation (HOPE) project 
revealed that all metastatic sites, such as rib, intra‐muscular, and brain lesions, had >1,500 SNVs, and 12 driver mutations (MPL, IDH1, CTNNB1, 
GATA2, PDGFRA, ARID1B, MET, ATM, ACVR1B, SMARCA4, GNAS, and AMER1) were common to all sites. New driver mutations were identified in intra‐
muscular (KMT2C: p.P3292S) and brain (JAK1: p.S404P) metastases. A functional analysis of these mutations was performed. The phylogenetic tree 
of mutation evolution in the metastatic melanoma case is shown on the right of the panel. PTR1: Primary tumor region 1.

Table II. Expression levels of core driver mutations in various metastatic lesions. 
 
Gene symbol                          Driver mutation                                     Probe                                                                         Normalized values  
 
                                                                                                                                                                        Costal                           Intramuscular                          Brain 
 
ACVR1B                                      p.Arg161Ser                               A_33_P3364433                            –3.60                                     –3.40                                 –3.34 
AMER1                                        p.Lys158Ter                                A_23_P308150                              –1.47                                     –1.16                                 –1.68 
ARID1B                                      p.Pro1828His                                A_23_P70701                                 1.23                                       0.74                                    0.35 
ATM                                             c.5763‑2A>T                                 A_23_P35916                               –1.61                                     –1.39                                 –2.41 
CTNNB1                                     p.Pro238Thr                                 A_23_P29495                                 4.03                                       4.46                                    4.14 
GATA2                                         p.Pro142Gln                               A_33_P3550894                            –1.88                                     –1.46                                 –3.29 
GNAS                                           p.Pro124Leu                                A_24_P418809                                5.07                                       4.92                                    5.97 
IDH1                                            p.Pro147His                                 A_32_P45009                                 2.16                                       2.29                                    2.78 
MET                                             p.Leu515Phe                               A_23_P359245                                4.87                                       5.02                                    4.36 
MPL                                               p.Arg43Ter                                 A_24_P156769                              –6.30                                     –5.21                                 –5.13 
PDGFRA                                      p.His966Tyr                                A_23_P300033                              –5.88                                       2.02                                 –2.07 
SMARCA4                                  p.Pro1180Ser                                A_23_P39034                                 5.25                                       5.17                                    4.99 
KMT2C                                       p.Pro3292Ser                             A_21_P0011931                               1.35                                       1.45                                    0.98 
JAK1                                             p.Ser404Pro                               A_33_P3784283                            –0.56                                     –0.38                                 –0.40 
 
The values reflect the gene expression level of core driver gene mutations as indicated in the log2 transformed scale.



muscular metastasis (SNVs 1543, TMB 92), and only one 
exhibited significant CTL induction activity in one case of 
3 donors (Table III). 

Thirteen NA peptide candidates (BA <50 nM and EL 
<1% rank) with the HLA‑A*2402 restriction were identified 
in brain metastasis (SNVs 1546, TMB 91), and six exhibited 
significant CTL induction activity in at least one case of 4 
donor PBMCs (Table IV). Peptide YA‑055 (CLDN10: p.H60Y) 
exhibited positive CTL induction activity in three cases. 
These results suggest that SNVs from brain metastasis had 

more NA peptides with positive CTL induction activity than 
SNVs from intra‑muscular metastasis.  

 
Comparison of TIL profiles in three metastatic lesions. While 
CD8+ T cell numbers were maintained in every metastatic 
lesion, the number of CD8+PD‑1+ T cells slightly increased 
with the progression of metastasis. CD4+Foxp3+ regulatory T 
cell numbers were maintained. Interestingly, the number of 
immunosuppressive macrophages was significantly higher 
in brain metastasis than in other metastases (Figure 3).  
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Figure 2. Changes in expression levels of immune response‐associated genes among various metastatic lesions. Twenty‐six genes with expression levels 
showing more than a 10‐fold change on a log2‐transformed scale in at least one metastatic site from those in the costal metastatic lesion were selected. 
Actual fold changes in gene expression levels from those in the costal metastatic lesion (rated as 1.0) are shown in the right panel. Red and blue colors 
in heat map data reflect the relative expression level of the gene, as indicated in the color scale (log2 transformed scale) in the left panel.



T cell receptor gene repertoire analysis of metastatic 
melanoma lesions. The results of the T cell repertoire 
analysis were unremarkable. Although the DE50 index was 
higher in intra‑muscular metastasis, no significant 
changes were observed in the repertoire size or clonal 
expansion (Figure 4 and Figure 5). The percentage of the 

top 50 clones was slightly lower in metastatic lesions than 
in normal tissues. 
 
Effects of JAK1 mutation gene transduction on melanoma 
cell invasion activity. A JAK1 mutant gene‑transduced 
RPMI7951 melanoma cell line was successfully obtained 
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Table III. Neoantigen peptide list from intra‐muscular metastasis (HLA‐A*2402). 
 
Peptide list               Peptide sequence                Gene name                   Mutation             BA modela (nM)            EL modelb (%Rank)             CTL assay 
 
YA‑062                              ITLFSILRF                           ABCC2                          N587S                           753                                       0.61                                   NS 
YA‑063                             CSSTSSFTF                          CFAP65                         P900S                            657                                        1.3                                    NS 
YA‑064                            LWGSVLASL                        DOPEY2                        P193L                           397                                       0.55                                   NS 
YA‑065                            YYNIDAQTF                            GLA                            D153N                          16.8                                       0.01                                   NS 
YA‑066                            TFHLSDLPF                         OGDHL                         S418F                            229                                       0.37                                   NS 
YA‑067                              FYMSNIPII                         SEC61A1                       T286M                          10.2                                       0.04                                   NS 
YA‑068                            TYPIKLFYM                        SEC61A1                       T286M                          86.4                                       0.05                                   NS 
YA‑069                             LYFLETRRL                        ST6GAL2                         S44Y                             302                                       0.12                                   NS 
YA‑070                           YMAAAAAAF                          TBX3                           S615F                            200                                       0.84                                   NS 
YA‑071                          AWKYTLNNW                     TOMM40                      G252W                          652                                       0.28                                   NS 
YA‑072                           MSLAWKYTL                      TOMM40                      G252W                          377                                        1.1                                    NS 
YA‑073                            RWYCPRRLL                        UNC5CL                         H34Y                            217                                       0.48                             *p=0.035 
                                                                                                                                                                                                                                                          (1/3 donors) 
CMV‑A24                        QYDPVAALF                       CMVpp65                          WT                              105                                       0.01                            **p=0.004 
                                                                                                                                                                                                                                                          (1/3 donors) 
 
aBA model: Binding affinity model (NetMHCpan 4.0) for prediction of peptide/HLA affinities. bEL model: Eluted ligands model (NetMHCpan 4.1) 
for prediction of peptide/HLA presentations. IFN‑γ production level from neoantigen peptide‑stimulated CTLs was compared to that of 
unstimulated CTLs. Statistically significant; *p<0.05, **p<0.01.  
 
 
 
Table IV. Neoantigen peptide list from brain metastasis (HLA‐A*2402).  
 
Peptide list         Peptide sequence           Gene name             Mutation         BA_modela (nM)          EL_modelb (%Rank)                          CTL assay 
 
YA‑049                      MYFFLSYLF                    OR4X1                     S65F                          7.4                                        0.04                                              NS 
YA‑050                      KYLQCPLKF                    TRPA1                   E668K                       16.6                                      0.01                           *p=0.013 (1/4 donors) 
YA‑051                       AYGTLSPTF                 PLEKHG5                 S826F                       18.9                                      0.01                                              NS 
YA‑052                      SYSNLHYGF                   CAPN13                 D182N                       20.5                                      0.01                                              NS 
YA‑053                      FWPNLCSTF                 SLC41A3                 P361L                         21                                        0.13                          **p=0.002 (1/4 donors) 
YA‑054                      CYITGYAVW                   NKAIN2                   R60C                        21.1                                      0.11                                              NS 
YA‑055                       FYCRPHFTI                   CLDN10                   H60Y                        28.1                                      0.06                          **p=0.001 (3/4 donors) 
YA‑056                      LYTPMYLLL                   OR2M3                    H56Y                        31.3                                      0.01                           *p=0.026 (1/4 donors) 
YA‑057                       YFFLSYLFF                     OR4X1                     S65F                         33.1                                      0.19                                              NS 
YA‑058                       FYISLGLAF                    NIPAL4                   G121S                       36.8                                      0.06                          **p=0.009 (1/4 donors) 
YA‑059                       IYAFNMNKI                    OR6B1                   H264Y                         37                                        0.08                                              NS 
YA‑060                      KYNICVYRW                  SLAMF9                 Q124K                       42.6                                      0.1                              *p=0.01 (1/4 donors) 
YA‑061                       SYLSRHQQI                   ZNF347                  R617Q                       44.3                                      0.02                                              NS 
CMV‑A24                  QYDPVAALF                 CMVpp65                   WT                           105                                       0.01                        **p=0.0004 (1/4 donors) 
 
aBA_model: Binding affinity model (NetMHCpan 4.0) for prediction of peptide/HLA affinities. bEL_model: Eluted ligands model (NetMHCpan 4.1) 
for prediction of peptide/HLA presentations. IFN‑γ production level from neoantigen peptide‑stimulated CTLs was compared to that of 
unstimulated CTLs. Statistically significant; *p<0.05, **p<0.01.
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Figure 3. Comparison of tumor‐infiltrating lymphocyte (TIL) profiling among three metastatic lesions. Immunofluorescence staining was performed 
using the Opal 4‐color IHC kit and evaluated under a fluorescent Zeiss imager Z1 microscope. Positive cell numbers in five fields of view in sections of 
each tumor stained with various antibodies were calculated using the image‐analyzing software, WinRoof. Each column shows the mean±standard 
deviation (SD) of five visual fields. The significance of differences was assessed using the Wilcoxon rank sum test. *p<0.05.



using electroporation (Figure 6A). Regarding migration 
activity without matrigel, no significant difference was 
noted between vehicle DNA‑transduced melanoma cells 
(control) and JAK1‑mutant DNA‑transduced melanoma 

cells (mutant) (Figure 6B). On the other hand, JAK1 
mutation‑transduced cells exhibited higher invasion 
activity through matrigel‑equipped wells than control 
cells. In addition, vehicle alone‑transduced RPMI7951 
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Figure 4. Comparison of T cell receptor (TCR) gene repertoire clonality among metastatic lesions in a melanoma case. The percentages of the top 50 
clones from three metastatic lesions and non‐cancerous tissues (normal) are shown. TCR repertoire sequencing data were obtained using a human 
TCRα and TCRβ profiling kit and the Miseq NGS system. TCR repertoire characterization was performed using the MiXCR software 
(http://mixcr.milaboratory.com/). TCR: T cell receptor; nor: normal; meta: metastatic.

Figure 5. Comparison of TCR gene repertoire parameters among metastatic lesions in a melanoma case. DE50 values (A) and the Shannon index (B) 
were calculated and compared among three metastatic lesions and non‐cancerous (normal)tissues. TCR: T cell receptor.



melanoma cells did not show higher invasion activity than 
parental cells (data not shown). 
 
Discussion 
 
Comprehensive genomic studies using clinical sequencing 
have enabled us to obtain a substantial amount of multi‑
omic‑based genomic data from various cancer tissues and 
realize the importance of the evolutional theory to cancer 
genomics in terms of phylogenetic studies associated with 
cancer progression and metastasis (18‑20). 

Genomic analyses using NGS‑based WES of cancer 
metastatic lesions have been performed in many studies in 

the context of comparisons to primary lesions, and driver 
mutation signatures are generally considered to be 
maintained and common through multiple metastatic sites 
(21‑25). On the other hand, previous studies reported 
genomic heterogeneity, even in the primary tumors, and 
subclonal heterogeneous cancers may form metastatic sites 
both spatially and temporally. However, immunological 
characterization associated with genomic evolutional 
changes in various metastases has yet to be performed. 

We previously reported a melanoma case with 
multiple metastases and a high TMB, and identified the 
novel NA ARMT1 in costal metastasis (12). In the present 
study, we revisited the same case and characterized the 
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Figure 6. Effects of JAK1 mutant gene transduction on melanoma cell invasion activity. (A) Successful JAK1 mutant gene transduction confirmed by 
Sanger sequencing. JAK1 mutant (p.S404P) gene cDNA was synthesized and cloned into the vector. Mutant cDNA was then transduced into RPMI7951 
melanoma cells using the Neon™ Transfection System via electroporation, and cells were seeded at a single‐cell level. Proliferated clones were selected 
and JAK1 mutation‐harboring clones were screened by Sanger sequencing. (B) The invasion activity of the JAK1 mutant gene‐transduced melanoma 
cell line, RPMI7951. In the invasion assay, cells that invaded through the membrane were stained with the Differential Quik III stain kit and counted 
using microscopy. The significance of differences was evaluated by the Mann‐Whitney U‐test. **p<0.01.



genetic profiles and the immunological status in multiple 
metastases, including costal, intra‑muscular, and brain 
lesions.  

Three metastatic lesions revealed that the minimal 
driver mutation signature (12 specific driver gene 
mutations: MPL, IDH1, CTNNB1, GATA2, PDGFRA, ARID1B, 
MET, ATM, ACVR1B, SMARCA4, GNAS, and AMER1) was 
maintained with the specific phylogeny of mutation 
evolution. Priestley et al. (23) reported, using whole‑
genome sequencing data from 2,520 pairs of tumors and 
normal tissue, that individual metastatic lesions were 
homogeneous, with the vast majority (96%) of driver 
mutations being clonal. In addition, Reiter et al. (24) 
analyzed sequencing data for 76 untreated metastases 
from 20 patients and inferred cancer phylogenies for 
breast, colorectal, endometrial, gastric, lung, melanoma, 
pancreatic, and prostate cancers. We found that within 
individual patients, a large majority of driver gene 
mutations were common to all metastases. 

Intra‑tumoral genomic heterogeneity is another 
important observation in terms of the formation of 
metastasis based on evolved subclones in other cancer 
regions (26‑28). In the present case, a novel driver 
mutation was generated in new metastatic lesions; 
KMT2C: p.P3292S in intra‑muscular metastasis and JAK1: 
p.S404P in brain metastasis. These newly added 
mutations appeared to be functional because a minimum 
of 12 driver mutations were still maintained in every 
metastatic lesion. 

 We confirmed that that JAK1 mutation‑transduced 
melanoma cell lines showed higher invasion activity than 
wild‑type parental cells. A total of 112 genetic mutations 
specific for brain metastasis were recognized; however, 
possible mutations responsible for brain metastasis have 
yet to be identified. Only one driver mutation, JAK1: 
p.S404P was shown to enhance invasion activity, which 
may be a factor promoting brain metastasis (29‑32).  

Regarding NA‑based CTL epitope identification, the 
frequency of positive NA peptides exhibiting significant CTL 
induction activity in any of the volunteer PBMCs was as 
follows: 1/25 (4%) in rib metastasis previously reported 

(12), 1/12 (8.3%) in intra‑muscular metastasis, and 6/13 
(46%) in brain metastasis. The specific mechanisms 
responsible for the higher frequency of positive CTL 
production in brain metastasis remain unclear. 

The TCR repertoire analysis of metastatic tumor sites 
did not show significant differences in diversity or 
clonality, which was not consistent with the higher 
frequency of positive NA identified in brain metastasis 
than in other metastatic lesions (33).  

We speculate that passenger mutation‑based NA were 
recognized and immunologically edited or deleted 
through ICB therapy (34‑36), and also that common driver 
mutation‑harboring clones were more likely to survive 
ICB therapy. However, most of these clones, which were 
sensitive to combination therapy of chemoradiation and 
surgery, disappeared after an intensive combination 
treatment. The genomic and immunological investigation 
of the current metastatic melanoma case has provided a 
very valuable and informative suggestion regarding better 
cancer therapy decisions in terms of the combination of 
ICB with other chemoradiation therapies. In the present 
melanoma case, all metastatic lesions were successfully 
treated, and complete remission has been maintained. 
 
Conclusion 
 
These results suggest that the heterogeneity of driver gene 
mutations is unremarkable, while immunological response 
is variable in metastatic sites. As a result, the genomic and 
immunological observations can provide very useful 
suggestions for better cancer therapy decisions. 
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