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Abstract
Melanoma is a cancer that exhibits one of the most aggressive and heterogeneous features. The incidence rate
escalates. A high number of clones harboring various mutations contribute to an exceptional level of intratumor
heterogeneity of melanoma. It also refers to metastases which may originate from different subclones of primary
lesion. Such component of the neoplasm biology is termed intertumor and intratumor heterogeneity. These levels
of tumor heterogeneity hinder accurate diagnosis and effective treatment. The increasing number of research on
the topic reflects the need for understanding limitation or failure of contemporary therapies. Majority of analyses
concentrate on mutations in cancer-related genes. Novel high-throughput techniques reveal even higher degree of
variations within a lesion. Consolidation of theories and researches indicates new routes for treatment options
such as targets for immunotherapy. The demand for personalized approach in melanoma treatment requires
extensive knowledge on intratumor and intertumor heterogeneity on the level of genome, transcriptome/
proteome, and epigenome. Thus, achievements in exploration of melanoma variety are described in details.
Particularly, the issue of tumor heterogeneity or homogeneity given BRAF mutations is discussed.
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Introduction
Cancers contain morphologically different cells, and this was observed
more than 100 years ago [1]. Further research showed that these cells
differ regarding their genomes, epigenomes, transcriptomes, and
proteomes, as well as their motility, metabolism, and angiogenic,
proliferative, immunogenic, and metastatic potential [2]. The
coexistence of cells of distinct phenotypic and molecular features
within a tumor is named intratumor heterogeneity (ITH) or
intercellular heterogeneity (Figure 1A) [3]. Intratumor heterogeneity
is found in most, probably all, solid human tumors [4]. It was
documented in a variety of types of solid tumors cancer, including
brain cancers [5–12], breast cancers [4,13–23], lung cancers
[3,12,24,25], thyroid cancers [12,26], as well as gastrointestinal
cancers [12,18,27–34], urinary cancers [12,18,35–39], and repro-
ductive system cancers [12,18,35–41]. Likewise, heterogeneity of
hematopoietic malignancies was found [42–46]. Moreover, multiple
tumors of the same type, found in one patient, may differ
significantly. This level of heterogeneity is named intertumor
intrapatient heterogeneity (Figure 1B) [47]. The third level of
heterogeneity is termed interpatient heterogeneity (Figure 1C) and
concerns the differences among tumors within different patients.
Melanoma is one of the most aggressive, complex, and
heterogeneous cancers [12]. It is an exceedingly metastatic cancer
that is related, among others, with lineage-specific transcription
factors characteristic for melanocytes which migrate from neural crest
during development [48]. Moreover, melanoma is highly refractory to
conventional chemotherapy. It responds well to both targeted and
immunotherapy; however, the resistance occurs in a significant
percentage of patients, especially in targeted therapy. Progress in
melanoma treatment has been discussed in several papers [49,50].
Importantly, melanoma was the third most prevalent cancer in 2016
in the United States [51], whereas it was the seventh most prevalent in
2012 in Europe [52]. In 2012, it was estimated that there were over
100,000 new cases in Europe and about 22,300 deaths from
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Figure 1. Tumor heterogeneity. Levels of heterogeneity. (A) The differences among tumor cells are termed intratumor or intercellular
heterogeneity. The dominant subclone ( ) in the primary tumor (top) was also the founder of metastases (bottom). (B) The differences
among the primary tumor ( ) and metastatic ( ) tumors and among metastases constitute intrapatient intertumor heterogeneity. (C) The
differences among tumors from different patients are termed interpatient heterogeneity. Heterogeneity bases. (D) Genetic heterogeneity
arises from various changes within genome. On this scheme, the primary tumor (top) contains cells wild type given some gene as well as
cells harboring a mutated allele. Wild-type subclone was the founder of two metastases (bottom left). However, one of them acquired a
mutation in this gene (middle). The mutated subclone was the founder of third metastasis. (E) Heterogeneity of transcriptome and
proteome constitute heterogeneity of gene expression. Low-expressing subclone was the founder of one metastasis, which is
homogeneous given this gene expression. However, the other two metastatic tumors were formed by a high-expressing subclone,
although both metastases heterogeneously express this gene on mRNA/protein marker level. (F) The primary tumor is homogeneous
given methylation status of some gene promoter – remain nonmethylated. One metastasis mirrors the status of primary tumor, while the
other two metastatic tumors are heterogeneous. One tumor (middle) exhibits epigenetic heterogeneity developed during progression
since one of the tumor cells acquired an epimutation. The last metastasis is homogeneous because the founder cell acquired an
epimutation. Therefore, methylation of promoter is present in all tumor cells.
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melanoma [52]. It is becoming more frequent with a three-fold
increase in incidence rates over the last four decades [53,54].
The mutation rate of melanoma is the highest from all cancers [55].

Based on The Cancer Genome Atlas (TCGA) data, the number of
mutations perMb ranged from 0.1 to 100.0 [55] with an average of 16.8
mutations per Mb [56]. The most relevant signaling pathway for
melanoma transformation is the Ras signaling pathway, in particular, the
mitogen-activated protein kinase (MAPK) pathway [57], which is
dysregulated in about 80% of melanomas [58]. Based on molecular
features, melanomas are divided into four groups, i.e., BRAF−, NRAS−,
NF1− mutant, and triple wild type [56]. About half of the melanomas
have a mutation in the serine/threonine-protein kinase B-Raf (v-Raf
murine sarcoma viral oncogene homolog B) gene, especially the BRAF
V600Emutation [59–63].Mutations in the NRAS (neuroblastoma RAS
viral oncogene homolog) gene are harbored by 15% to 30%ofmelanoma
tumors [61,64–67], whereas mutations in NF-1 gene are present in 12%
to 18% of melanomas [68].

Recently, a significant progress in melanoma tumor heterogeneity
research has been made. In this review, we summarize the current
knowledge about intratumor and intertumor heterogeneity in
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melanoma with emphasis on intratumor genetic heterogeneity and
heterogeneous gene expression within tumors.

Intratumor Heterogeneity in Melanoma
It is known that intratumor heterogeneity (Figure 1A) can arise
independently from point mutations, copy number changes, i.e.,
deletions and duplications, whole chromosomal rearrangements, gene
expression, epimutations, or reversible phenotypic changes [69–71].
The phenomenon of intratumor heterogeneity is commonly
explained by Darwinian-like clonal evolution of a single tumor [72].

Genetic Heterogeneity
The main cause of genetic heterogeneity (Figure 1D) is genomic

instability [47] which is considered to be one of the hallmarks of
cancer [73]. This is due to, among others, inhibited or reduced DNA
damage response mechanisms and microenvironmental factors, such
as hypoxia, acidosis, and reactive oxygen species [69]. Despite the
monoclonal origin of most cancers, new clones arise during tumor
progression which is due to the continuous acquisition of mutations,
i.e., hypermutability. This promotes division into subclones and
therefore causes an increase of intratumor heterogeneity [74]. The
coexistence of distinct subclones creates a complex network of
interaction which affects cancer progression [2]. Moreover, genetic
heterogeneity provides the material with which selection can work
[2,21] allowing Darwinian-like clonal evolution.

Mutations which occur early in tumor evolution are called
common or ubiquitous and are present in all regions [3,27].
Generally, almost all tumor cells harbor them; thereby, they are
rather homogeneous within a tumor (e.g., NRAS or BRAF mutations;
Table 1). Mutations which occur later are present in only some
regions and are called shared or branches, whereas mutations which
occur the latest in tumor progression are present in only one
Table 1. Intratumor Heterogeneity or Homogeneity of the BRAF Genotype and Expression Status w

Ref. Samples Methods

[76] 5 PT scPCR, Sanger seq
[85] 49 PT IHC

[86]
50 PT
139 MT

HRM, qPCR, IHC

[87] 20 PT IHC
[88] 100 PT PNA qPCR, IHC, NGS, Cap

[89]
124 PT
76 MT

IHC

[90]
22 MI1S
56 PT
93 MT

Pyro, IHC

[91]
140 PT
171 MT

IHC

Overall
[63] 104 NT from TCGA NGS

[92]
75 PT
88 MT

NGS

[63] 475 NT Pyro, qPCR, dPCR
[93] 9 PT LCM, Direct seq, SNaPshot
[94] 52 MT Pyro, Sanger seq, qPCR
[95] 47 MT dPCR, HRM, Pyro

[96]
40 PT
37 MT

Sequenom MassARRAY

Overall

Abbreviations: PT, primary tumors; MT, metastasis tumors; NT, undefined tumors; MIS, melanoma i
as real-time PCR); IHC, immunohistochemistry [anti-BRAF V600 (VE1)]; PNA qPCR, peptide nucl
microdissection; Direct seq, direct sequencing; BRAF-M%, BRAF mutant allele frequencies.
compartment (one subclone); therefore, they are called private [3,27].
The latter are the basis of genetic intratumor heterogeneity. The
degree of intratumor genetic heterogeneity is usually defined as the
number of alterations, i.e., SNVs, CNVs, LOH, karyotype
aberrations, and other mutations, present in some compartments
within a tumor but not detectable in others.

The development of advanced research techniques, such as digital
polymerase chain reaction (dPCR) or next-generation sequencing
(NGS), provides tools for more comprehensive and sophisticated
cancer research. These methods enable the detection of mutations
even if they are present in only a small subpopulation of tumor cells.
Therefore, they are extremely useful for tumor heterogeneity research.
It was established that the limit of detection of the mutant allele
differs significantly for various methods and ranged from 1% to 2% of
mutated alleles detected by high-accuracy methods like
high-resolution melting (HRM) PCR, allele-specific real-time PCR,
and pyrosequencing (NGS) to as much as 20% of mutated alleles
detected by conventional Sanger sequencing [75]. Less precise
methods in research do not provide the detection of whole spectrum
of mutations, in particular, heterogeneous mutations which are
present in only a small percentage of tumor cells, which would be
detected by more accurate methods, for instance, NGS [74,76,77].
This leads to an underestimation of tumor heterogeneity and may
result in a false homogeneity.

Mutations in Cancer-Related Genes. Heterogeneity of genes
which are related with signaling pathway is particularly relevant
because it directly affects tumor cell fitness. Heterogeneity in this field
results in differences in features of subclones within a tumor, for
instance, different proliferation rate, different response to treatment,
or even different resistance to treatment.

The percentage of heterogeneous tumors, in the context of the
BRAF genotype, was very variable and ranged from 0% to 97% in
ithin Melanoma Tumors

Number (%) of Heterogeneous Tumors

Overall Among BRAF Mutated Tumors

4/5 (80%) 4/4 (100%)
29/49 (59%) 29/31 (94%)

25/189 (13%) 25/88 (28%)

2/20 (10%) 2/7 (29%)
seq 7/100 (7%) 7/59 (12%)

10/200 (5%) 10/94 (11%)

2/171 (1%) 2/75 (3%)

0/239 (0%) 0/137 (0%)

79/973 (8.1%) 79/495 (16.0%)
BRAF-M% ranged from 8% to 97%
BRAF-M% ranged from 0% to 92% (median for PT: 28% and for MT:
26%)
BRAF-M% ranged from 10% to 90%.

assay BRAF-M% ranged from 0% to 81%
BRAF-M% ranged from 3% to 80% (median 41.3%)
BRAF-M% ranged from 1% to 79%

BRAF-M% ranged from 8% to 53%

BRAF-M% ranged from 0% to 97%

n situ; scPCR, single-cell PCR; Sanger seq, Sanger sequencing; qPCR, quantitative PCR (also known
eic acid quantitative PCR; Cap seq, capillary sequencing; Pyro, pyrosequencing; LCM, laser capture
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various studies (Table 1). Because of these discrepancies and the fact
that BRAF mutation is one of the most common in melanoma, we
performed a systematic review which showed that the overall number
of heterogeneous tumors, considering the BRAF genotype, was 79
(8.1%) out of 973 (it was 16.0% among BRAF mutated tumors).
Moreover, the BRAF mutant allele frequency (MAF) was variable and
ranged from 0% to 97%. The relatively low rate of BRAF intratumor
heterogeneity is due to the fact that BRAF mutations arise early
during melanoma and thus are present in the majority of tumor cells
[65,70]. The variability of results received by various authors results
from the use of different methods. Therefore, it is expected that the
most appropriate method for BRAF analysis will be established and
used in clinical practice [78–81]. Some authors suggested that it is
real-time PCR–based analysis, for instance, Cobas 4800 BRAF V600
Mutation Test, which enables detection of mutation allele at more
than 5% frequency [78,80,82], whereas others suggested immuno-
histochemistry [79,81,83] and then pyrosequencing (NGS) for
VE1-negative or uninterpretable cases because of the highest accuracy
and efficiency of this method [79,82]. In addition to accuracy,
consideration should be given to cost and turnaround time to
establish the appropriate genotype testing methods for clinical
practice. It was shown that NGS-based testing is cheaper and has
lower mean turnaround time than conventional methods, i.e.,
real-time quantitative PCR HRM and Sanger sequencing for
BRAF, real-time quantitative PCR and Sanger sequencing for
NRAS, and conventional PCR and Sanger sequencing for KIT [84].
Chiappetta et al. [64] used laser capture microdissection to isolate 3

areas from each of 15 melanoma tumors. Discrepancies in BRAF or
NRAS mutation status in at least one area compared to the whole
tumor mutational analysis were found in 4 (36%) out of 11 mutated
tumors. Wilmott et al. [97] observed two distinct subclones within
BRAF inhibitor-resistant melanoma metastasis. Subclone A harbored
the BRAF V600E mutation but was NRAS wild type, whereas
subclone B harbored both the BRAF V600E and NRAS G13R
mutations.
Gremel et al. [98] observed two subclones with different response

to imatinib (tyrosine kinase inhibitor) after analyses of cell-free
circulating tumor DNA (ctDNA) in metastatic vaginal mucosal
melanoma. One subclone was KIT mutated and responded to
imatinib, whereas the other was KIT wild type and, therefore, did not
respond to imatinib.
Vivancos et al. [99] investigated the nevus of Ota, primary

melanoma, and recurrent tumor from one patient. Using amplicon
sequencing, they established that all tumors contained cells with the
GNAQ mutation (MAF was 3%, 46%, and 21%, respectively) as
well as cells with wild-type allele. Moreover, they showed that only
part of the tumor cells harbored the mutated allele of MMP10, BAP1,
COL4A4, FN3K, PLD3, LRRC25, MYH3, and TP53 genes.
Furthermore, genetic profiling of the recurrent tumor in four
different regions was performed. MAF of all these genes was different
among examined compartments. For instance, the MAF of BAP1
ranged from 38% to 65%, whereas it equaled 48% after the bulk
tumor analyses. The MAF of TP53 equaled 2% in three regions,
whereas it was 53% in the fourth region.
Shain et al. [100] investigated the evolution of melanoma from

precursor lesions. They sequenced 293 cancer-relevant genes in 150
areas of 37 primary tumors and their precursors. Significant
intratumor genetic heterogeneity was observed. Moreover, they
confirmed that neoplastic cells acquire mutations during progression;
thereby, tumor cells harbored a substantial number of additional
mutations compared with their precursors.

Single Nucleotide Variations (SNVs) and Copy Number Variations
(CNVs) within Genome. The most comprehensive analysis of
intratumor genetic heterogeneity was published by Andor et al.
[12]. They used the exome sequencing data of paired tumor and
normal cells of 1165 primary tumor samples derived from 12 cancer
types, including cutaneous melanoma. Clones within tumors were
detected based on somatic SNVs and CNVs. At the time of biopsy or
surgical resection, four clones coexisted in a tumor on average.
Furthermore, 86% of tumors contained at least two clones. Among all
cancers, melanoma tumors were the most heterogeneous. All of them
contained more than one clone. Moreover, about half of the
melanomas contained at least nine distinct clones within the tumors.
The number of clones was investigated by Ding et al. [101] as well,
who used whole genome sequencing (WGS) to characterize 15
metastatic melanoma tumors. They found that 11 (73%) tumors
contained multiple distinct subclonal populations of tumor cells.
Regions of the genome exhibiting highly genomic stability were
selected based on the loss of heterozygosity (LOH) and CNV
analyses. Mutations from these regions were used for clustering. The
frequency of founding clone cluster ranged among tumors from 22.24
to 46.80 (mean = 33.55), whereas the frequency of subclones clusters
ranged from 0.00 to 45.60 (mean = 16.35). Sanborn et al. [102]
investigated primary tumors and corresponding metastases from eight
patients. Whole exome sequencing (WES) was performed to detect
SNVs and CNVs. They reported that each patient had at least one
tumor with subclonal CNVs. The number of such subclonal CNVs
ranged from 1 to 10 per patient, with a maximum of 6 per tumor.
Moreover, they detected identical subclonal CNV in two locoregional
metastases within one patient. They concluded that each of these
tumors were formed by at least two distinct tumor cell populations.
Thereby, the current view of the mechanisms of metastasis was
confirmed. Gremel et al. [98] observed two clones with eight and six
exclusive SNVs, respectively, after analyses of cell-free ctDNA in
metastatic vaginal mucosal melanoma, as mentioned above.

Harbst et al. [70] sequenced the whole exome of six metastases and
two primary melanoma tumors. The number of nonsynonymous
mutations per tumor ranged from 45 to 814 (mean = 489). On
average, 13.0% (ranged from 2.7% to 37.8%) of them were
heterogeneous, i.e., were not detected within all samples obtained
from one tumor. Moreover, they established that 12% of cancer
driver mutations, i.e., mutations that increase tumor cells fitness,
confer a growth advantage, and thereby promote cancer progression,
were heterogeneous. The most common driver mutations in
melanoma, i.e., BRAF, NRAS, and KIT mutations, if present, were
observed within all regions at similar allele frequencies. This is
consistent with our findings (the BRAF mutation; Table 1). In their
research, heterogenous mutations were principally passenger muta-
tions, i.e., mutations that do not confer a growth advantage and do
not contribute to cancer development.

Anaka et al. [103] found significant genetic heterogeneity in
melanoma lymph node metastases and derived early-passage cell lines
from three patients. Using amplicon sequencing and SNP microar-
rays, they showed that the number of CNVs in eight regions within
one tumor from the first patient varied from 44 to 133. Almost 20%
of all aberrations were found in just one compartment, whereas about
35% were found in two or three regions. Only about 20% of the
aberrations were detected in all examined compartments. Moreover,
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significant heterogeneity was observed for genes with impact on
melanoma biology, which proves that distinct subpopulations of
tumor cells may exhibit different fitness. Likewise, cell lines derived
from this tumor were heterogeneous for many aberrations; however,
clones were less heterogeneous than parental tumors since the number
of harbored CNVs varied between 55 and 69. Similarly, clones
obtained from the other two cell lines were heterogeneous as well.
Therefore, the usefulness of cell lines in intratumor genetic
heterogeneity studies was established. However, possible differences
between the results obtained from tumors and cell lines, namely. from
in vivo and in vitro conditions, must be taken into consideration in
tumor heterogeneity research. This issue is discussed in the context of
gene expression below. Moreover, they established that the copy
number profile of the parental cell line represented an average from all
cells (all clones) in the line. Hence, clones with the closest profile to
the parental cell line profile were the dominant clones.

Turajlic et al. [104] examined one paired primary and metastatic
acral melanoma. NGS, i.e., WGS and WES, enabled them to
estimate the MAF within each tumor. The MAFs of SNVs in primary
tumor ranged from 21% to 82% (mean = 45.3%), whereas in
metastases, it was from 11% to 84 % (mean = 45.1%) and thus was
various for different mutations. The degree of intratumor heteroge-
neity in primary and metastatic tumors was similar. Gandolfi et al.
[67] used molecular inversion probe assay technology to investigate
whole-genome CNVs in 41 primary melanomas. They found that
tumors exhibited significant intratumor heterogeneity given their
chromosomal alterations.

De Lange et al. [105] investigated 64 uveal melanomas (UMs).
They used dPCR to count the frequency of aberrations (CNVs) and
to determine their sequence. They observed that tumors commonly
contained only a subpopulation of cells with GNAQ mutation; a loss
of chromosome 1p, 3, or 16q; or a gain of chromosome 6p or 8q.
Moreover, 14 tumors were heterogeneous for monosomy 3 and
chromosome 16q loss. In one tumor, 71.8% of the cells contained the
GNAQ Q209P mutation, whereas 36% of the cells harbored
monosomy 3. Therefore, monosomy 3 occurred after GNAQ
mutation. Thereby, they confirmed that the different time of the
occurrence of mutations is one of the causes of intratumor
heterogeneity. If one mutation occurs later than another, then it is
absent in some tumor cells, and therefore, it is heterogeneous within
the tumor.

LOH. Chromosomal alterations, especially allelic losses, are
common in cancer, including melanoma [106]. Losses of the tumor
suppressor gene lead to acceleration of cancer progression. Therefore,
intratumor heterogeneity of LOH is commonly investigated.

Nakayama et al. [107] used a microsatellite-PCR allelic losses
(LOH) analysis of eight markers on chromosomes 1p, 3p, 6p, 9p, 9q,
10q, and 11q to investigate 79 in-transit melanoma metastases from
25 patients. Tumors from six patients who exhibited intertumor
heterogeneity (described in the subsection “Intertumor: Genetic
Heterogeneity”) were chosen for further research. Six (23%) of the 26
selected tumors displayed intratumor heterogeneity for at least one
marker. Likewise, Bogdan et al. [106] studied heterogeneity of LOH
on chromosomes 1p, 9p, 9q, and 17p within 29 areas in 11
melanoma metastases. They found that 10 (91%) out of 11
metastases were heterogeneous given LOH in at least two markers.
The degree of intratumor heterogeneity for each marker was highly
variable. Eight (73%) out of 11 tumors were heterogeneous given
LOH on chromosome 9p, whereas 4 (36%) were heterogeneous
given 1p, 2 (18%) given 17p, and 1 (9%) given 9q. Rao et al. [108]
examined LOH of 9 markers on chromosomes 1p, 5q, 9p, 10q, and
17p in 16 tumors, including primary and metastatic melanoma. They
found that 12 (75%) tumors exhibited intratumor heterogeneity. The
degree of intratumor heterogeneity for each tumor was different. Two
(17%) tumors were heterogeneous given five markers, one (8%) given
four markers, one (8%) given three markers, and three (25%) given
two markers. Heterogeneity of loss of chromosome 9 was observed in
one examined spitzoid melanoma by DiSano et al. [109] who used
array-based comparative genomic hybridization (aCGH).

Uguen et al. [110] investigated intratumor heterogeneity of
chromosomes 6, 8, 9, and 11 in 12 primary melanomas. Fluorescent
in situ hybridization (FISH) was performed to analyze four distinct
areas of each tumor. Intratumor heterogeneity of at least one marker
was found in all tumors. Likewise, Takata et al. [111] found
intratumor heterogeneity of LOH of chromosomes 6q, 9p, 10q, and
18q in 8 out of 10 primary tumors. All heterogeneous tumors
contained at least two distinct subclones. Moreover, one tumor
contained at least six genetically different subclones.

Dopierala et al. [112] used multiplex ligation-dependent probe
amplification to characterize intratumor heterogeneity of chromo-
somes 1, 3, 6, and 8 in 32 UMs. Intratumor genetic heterogeneity was
detected in 24 (75%) tumors. The most heterogeneous loci were
CDKN1A (6p21.2), which exhibited heterogeneity in 11 (35%) out
of 31 examined tumors; RP1 (8q11.23), which was heterogeneous in
11 (34%) out of 32 tumors; and ROBO1 (3p12.2), which was
heterogeneous in 10 (31%) out of 32 tumors. Moreover, 15 (47%)
tumors exhibited intratumor heterogeneity in at least 1 locus on
chromosome 3. Likewise, Lake et al. [113] used multiplex
ligation-dependent probe amplification to investigate heterogeneity
of chromosomes 1p, 3, 6, and 8 between the intraocular and
extraocular parts of 10 UM tumors. Only in three (30%) tumors were
intraocular and extraocular parts homogeneous given these chromo-
somes. Seven (70%) tumors showed heterogeneity in at least one
chromosome arm. Four tumors showed gains of 6p in intraocular
parts, whereas they showed disomy in extraocular parts. Three tumors
were heterogeneous for chromosome 3. Nevertheless, no heteroge-
neity for chromosome 8 was observed.

To conclude, 80 (67.8%) out of 118 examined tumors exhibited
intratumor heterogeneity given LOH in at least 1 locus. The degree of
intratumor heterogeneity differs significantly for each marker.
Likewise, the degree was different for each tumor, with both
relatively homogeneous and highly heterogeneous tumors.

Wide Karyotype Aberrations. Helmbold et al. [114] analyzed 54
superficial spreading melanomas. DNA image cytometry was used to
investigate DNA stem lines, i.e., a group of proliferative cells with the
same DNA content, in 196 measuring fields (ranged from 2 to 9 per
tumor). They found that 23 out of 54 (43%) tumors contained at
least 2 distinct tumor cell populations (on average 1.46 per tumor). In
22 cases (96%), different populations occurred spatially separated. In
one case (4%), the populations were mixed in all measuring fields.

Intratumor heterogeneity of monosomy 3 is commonly observed
in melanoma tumors, especially in UM. This alteration is a strong
predictive factor. It is associated with a high metastatic risk and
therefore with poor prognosis. It results from the BAP1 gene (3p21)
loss which is essential in the acquisition of metastatic capacity [115].
Therefore, subclones with monosomy 3 may be the founders of
metastases more common than subclones with disomy of chromo-
some 3. Monosomy 3 was found in fine needle aspiration biopsy of



Translational Oncology Vol. 10, No. 6, 2017 Tumor Heterogeneity in Melanoma Grzywa et al. 961
choroidal melanoma by Chang et al. [116]. Monosomy 3 was
reported in 93 patients. The percentage of positive cells ranged from
4.7% to 100% (mean = 62.9%). All positive cells were detected in 6
(6%). Mensink et al. [117] chose 16 UMs with possible heterogeneity
of chromosome 3 after FISH. Six (38%) tumors showed homogeneity
of monosomy 3, whereas the remaining 10 (62%) tumors contained
at least 2 clones with a different percentage of monosomy 3. Sandinha
et al. [118] studied the mixed-cell type of choroidal melanoma. In 7
(32%) out of 22 tumors, they found that epithelioid cells exhibited
monosomy 3, whereas spindle cells contained 2 copies of
chromosome 3. Maat et al. [119] established that at least 7 (14%)
out of 50 UMs were heterogeneous considering monosomy 3. On the
contrary, Meir et al. [120] did not find heterogeneity of monosomy 3
in eight UMs. However, such results could be due to the small
number of analyzed regions, i.e., only two dissected samples from
each tumor.
Summarizing discussed research, 111 (58.7%) out of 189

examined tumors were heterogeneous given monosomy 3.

Heterogeneity of Gene Expression
Heterogeneous gene expression (Figure 1E) is the consequence of

genomic and epigenomic alterations, or selection by heritable factors,
nonheritable factors, or both [69,121]. These changes may be
observed on the level of transcriptome solely (RNA sequencing,
reverse transcription PCR, in situ hybridization) or involve proteome
(Western blotting, immunohistochemistry, Orbitrap liquid chroma-
tography mass spectrometry, zymography). Nonheritable heteroge-
neity may result from different source. It is known that cancer stem
cells (CSCs) contribute to heterogeneity of gene expression [2,122],
which is confirmed by the ability to reestablish intratumor
heterogeneity of gene expression by CSCs. Moreover, clonal selection
and phenotype switching may create and maintain tumor heteroge-
neity. Interestingly, Chapman et al. [123] observed that distinct
tumor subpopulations, i.e., MITF-high and MITF-low, cooperated
in tumor invasion. Therefore, preservation of tumor heterogeneity
without clonal selection or phenotype switching is also possible.
Moreover, all of the aforementioned sources of heterogeneity are
influenced by the tumor microenvironment, hypoxia, and inflam-
mation. It creates a network of close links and connections that results
in tumor heterogeneity. However, it remains unclear which
mechanism is critical for establish and maintenance of heterogeneous
gene expression. Currently, phenotype switching and microenviron-
mental factors seem to take the lead.
In melanoma, two main phenotypes are distinguished regarding

gene expression. Proliferative but weakly motile, invasive, and
metastatic melanoma cells have transcriptional profile similar to the
neural-crest transcriptome [124]. Genes upregulated in this pheno-
type are related with cell cycle, proliferation, and well-known
melanocyte and melanoma markers, i.e., SOX10, PAX3, and MITF
[125]. The latter is established as a marker of proliferative phenotype.
The second phenotype, i.e., invasive and metastatic, is probably
mainly triggered by tumor microenvironmental factors such as
glutamine limitation, hypoxia, and inflammation through TGFβ and
JNK signaling [124,126,127]. This phenotype is characterized by
high expression of AXL (tyrosine-protein kinase receptor UFO), and
is regulated by AP-1 and TEAD [125]. Both phenotypes coexist
within tumors [125,128]. Moreover, switching from proliferative to
invasive phenotype as well as from invasive to proliferative may occur
[129]. It is known that Wnt signaling pathway plays relevant role in
phenotype switching [130]. At the center of phenotype switching
regulation is MITF. It integrates a variety of signals in tumor cell and
regulates both proliferation and invasiveness [131]. Importantly,
phenotype switching is essential from a clinical point of view.
Through phenotype switching from proliferative to invasive,
melanoma cells may acquire resistance to treatment. In response to
therapy, cells upregulate expression of neural crest and melanocyte
markers and growth slowly [132]. Tumor cells with higher expression
of MITF are more sensitive to MAPK inhibitor therapy than invasive
melanoma cells with lower MITF but higher AXL and NF-κB
expression [133,134]. Therefore, low expression of MITF predicts
early resistance to targeted therapies [135]. It has been shown for
in vitro condition that slowly cycling state of tumor cells in response to
treatment is only temporary. After several days of growth in drug-free
medium, melanoma cell population returns to its initial state and
reestablishes heterogeneity [132]. Similarly, phenotype switching
contributes to resistance to immunotherapy [126]. Moreover, besides
switching between proliferative and invasive phenotypes, switching of
melanoma tumor cells similar to epithelial-mesenchymal transition
(EMT) described for epithelial tumors has been reported [136].

Melanoma cell lines are used in many studies, including tumor
heterogeneity research. Therefore, Vincent et al. [137] examined the
utility of melanoma cell lines as a tumor model in gene expression
research. Transcriptomes of 42 melanoma cell lines were compared
with data obtained from tumors (TCGA) and single melanoma cells.
They concluded that, in general, cell lines faithfully represent the
mutational and transcriptional profiles of melanoma tumors, except
immune-associate genes. Moreover, utility of tumor-derived cell lines
in tumor heterogeneity research was confirmed by Anaka et al. [103].
Therefore, cell lines can be used as a reliable model in tumor
heterogeneity studies but with the awareness of potential differences
between studies in vitro and in vivo.

Heterogeneous Patterns of Gene Expression. Harbst et al. [70] used
microarray-based gene expression profiling to classify tumors into
four groups, i.e., high-immune, MITF-low proliferative, MITF-high
pigmentation, and normal-like. They revealed that 50% (four out of
eight) of examined tumors exhibited intratumor heterogeneity when
considering genes determining classification into molecular groups.
Moreover, the levels of mRNA of MITF and its target genes, i.e.,
MLANA and TYR, as well as immune checkpoint genes, i.e., CTLA4
and PD-1, displayed intratumor heterogeneity.

Tirosh et al. [128] performed single-cell RNA sequencing of 4645
tumor cells isolated from 19 patients with metastatic melanoma. First,
they established that cell cycle phase-specific genes were expressed by
small subpopulations of tumor cells. Based on the expression of these
signatures, tumor cells were classified as cycling or noncycling. The
fraction of cycling cells varied among the examined tumors from 1%
to 30% (on average 13.5%). This classification was confirmed by
Ki-67 staining which was heterogeneous as well. Moreover, higher
expression of JARID1B (lysine-specific demethylase 5B), i.e., a
putative marker of CSCs, by slow-cycling cells confirmed the results
of other research [138]. Furthermore, 468 tumor cells from 4 regions
within 1 melanoma were examined. They found that 229 genes were
expressed higher in the first region when compared with other
regions. These genes were associated with inflammation, response to
stress, survival, and melanoma progression. This confirmed that
heterogeneity of gene expression concerns genes directly affecting
tumor cell fitness. Moreover, a similar pattern of expression was
found in T cells from the first region compared with tumor cells from
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this area. Therefore, spatial effects affecting the pattern of gene
expression in various cells were suggested. Moreover, both AXL-high
and MITF-high populations of tumor cells were detected in tumors
classified after bulk analysis as AXL-high or MITF-high. Likewise,
single-cell RNA sequencing was performed by Gerber et al. [139].
Cells from three melanoma biopsies were examined. Based on a
self-organizing map, they observed substantial heterogeneous patterns
of gene expression. This heterogeneity was driven by genes associated
with proliferation, stroma, and MITF/AXL programs, thereby,
similar to previously discussed research, by genes directly affecting
tumor cell fitness. Furthermore, heterogeneous immunostaining for
TOP2A, Ki-67, and ITGA1, i.e., proliferation markers, was observed.

A heterogeneous spatial pattern of angiogenesis-specific gene
expression was found by Demou et al. [140]. A higher expression of
about half of these genes was observed in cells forming networks when
compared to nests, i.e., monolayers of randomly positioned cells.

Heterogeneity of gene expression in freshly isolated melanoma
cells, cultured patient-derived melanoma cells, as well as melanoma
cell lines was investigated by Mirkina et al. [141]. The percentage of
cluster of differentiation (CD)63+ ranged from 39% to 89% (mean =
64%) depending on the studied cell line, while frequency of CD24+
cells ranged from 4% to 48%. Likewise, the fraction of erythropoietin
receptor (EPO-R)–positive cells ranged from 4% to 40%. Moreover,
EPO-R was expressed in the distinct subpopulation of melanoma cells
coexpressing CD24.

As previously mentioned, Anaka et al. [103] found genetic
heterogeneity in three melanoma metastases and patient-derived cell
lines. They also confirmed heterogeneity on the level of tran-
scriptome. Gene expression profiling revealed that the parental cell
line profile represents an average of profiles of all clones. Furthermore,
they established that clones with the expression profile most similar to
the parental cell line (GSEA), namely, clones which were dominant,
expressed genes typical for aggressive metastatic melanoma. Ennen
et al. [142] characterized gene expression in two melanoma cell lines,
i.e., 501Mel and 1205LU. The first one was MITF-high, rapidly
proliferating in vitro but poorly invasive, motile, and tumorigenic in
nude mice. Conversely, the second was MITF-negative, slow
proliferating in vitro but invasive, motile, and highly tumorigenic in
nude mice. First, these cell lines were examined in vitro. Although the
501Mel cell line was classified as MITF-high, cells with low MITF
expression were detected by immunostaining and high-throughput
single-cell qPCR in monolayer cultures. This heterogeneity was even
more substantial in cells grown as melanospheres. Furthermore, they
injected subcutaneously 501Mel and 1205Lu cells into nude mice. In
501Mel-derived tumors, three groups of cells were distinguished, i.e.,
high-MITF, intermediate-MITF, and low-MITF and its target gene
expression. Moreover, a small subpopulation of cells expressed
markers of invasion, i.e., ZEB1, GLI2, MYOF, or drug resistance,
i.e., ABCB5. Immunostaining and immunohistochemistry revealed
that tumors exhibited highly heterogeneous expression of MITF,
CEACAM1, and POU5F1. A small subpopulation strongly
expressing BIRC3 was observed as well. Hence, 501Mel-derived
tumors were highly heterogeneous. In 1205Lu-derived tumors, cells
were distinguished based on high-ZEB1 or low-ZEB1 expression.
Furthermore, small subpopulations with different expression of some
genes were observed. In contrast to 501Mel-derived tumors,
expression of POU5F1 was strong and homogeneous within whole
1205Lu-derived tumors. Moreover, they established that there was a
group of genes differentially expressed in in vitro conditions, i.e., in
monolayers or spheres, and in in vivo tumors. Therefore, it has once
again been emphasized that different conditions contribute to the
differences among the results obtained by researchers from in vitro
and in vivo studies.

Heterogeneous Expression of Cell Adhesion– and EMT-Related
Genes. Haqq et al. [143] isolated RNA from melanoma and nevus
and used microarrays to analyze gene expression. Laser capture
microdissection of the primary tumor was performed to isolate radial
and vertical growth phases within the tumor. No genes activated in
vertical growth compared with radial growth were identified. Instead,
loss of expression of many cell adhesion receptors and extracellular
matrix molecules, for instance, integrin α2, laminin γ2, MMP10,
and CDH3, was reported. Different expression of MMP10 and
CDH3 was confirmed by IHC. Therefore, temporal heterogeneity,
i.e., loss of expression of many genes during tumor progression, was
confirmed. Furthermore, heterogeneous express ion of
adhesion-related proteins, i.e., ICAM-1/CD54, CEACAM-1/
CD66a, L1/CD171, was revealed by Mirkina et al. [141] as well.

Croteau et al. [144] used quantitative reverse transcriptase PCR
and Western blot to distinguish clones from VMM5 melanoma cell
line considering their MMP-1 expression. Substantial heterogeneity
was reported. One clone (C9) expressed about 24 times the amount
of MMP-1 expressed by another clone (C4). Furthermore, clones
were injected orthotopically into nude mice. They found that the
clone with the highest MMP-1 expression (C9) grew more rapidly
in vivo than the clone with the lowest expression (C4). Moreover,
tissue and explants analysis showed that both tumors expressedMMP-1
mRNA and protein at a high level. Conversely to in vitro studies, C4
tumors produced more MMP-1 than C9 tumors. They concluded that
there are mechanisms within the tumormicroenvironment which affect
the MMP-1 expression.

Kim et al. [145] found heterogeneous expression of EMT markers
among melanoma cell lines using Western blotting. Moreover,
individual cells with detectable expression of MITF were observed
among very low expressing MITF cells. Therefore, they suggested that
melanoma tumors may contain a mixture of phenotypes with some
cells expressing high MITF and E-cadherin and other cells expressing
low MITF but high N-cadherin, Slug, and AXL. The former can be
characterized by noninvasive behavior, whereas the latter by more
invasive behavior. Also, Demou et al. [140] found that extracellular
matrix cell adhesion genes were expressed on a higher level in tumor
cells forming nests than vascular-like networks in 3D cell cultures.

Heterogeneous Expression of Members of the Signaling
Pathways. Intratumor heterogeneity of the BRAF mutant protein
expression was revealed by IHC which is presented in Table 1.
Richmond-Sinclair et al. [146] observed heterogeneous expression of
P-MAPK, also known as extracellular signal–regulated kinase (ERK),
Brn-2, as well as pRb, p53, and p16, i.e., tumor suppressor proteins,
in 114 melanoma tumors revealed by IHC. Similarly, Wilmott et al.
[97] observed heterogeneous expression of the ERK gene. They
distinguished two subclones based on IHC staining. In subclone A,
95% of tumor cells had high p-ERK1/2 expression, whereas in
subclone B, only 3% of tumor cells were p-ERK1/2 positive.
Moreover, these subclones exhibited different proliferative rates. In
subclone A, 10% of tumor cells were Ki-67 positive, whereas in
subclone B, it was just 3%. Furthermore, in subclone A, 46%
of tumor cells were cyclin D positive, while in subclone B, it was 74%
of tumor cells. Likewise, IHC revealed intratumor heterogeneity of
c-KIT expression in mucosal melanoma [147]. The percentage of
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positive cells ranged from 10% to more than 75%. Mirkina et al.
[141] noted heterogeneous expression of cytokine and growth factor
receptors on melanoma cells obtained from freshly isolated samples.
Less than 5% of tumor cells were positive after each anti-ErbB2,
anti-c-MET, anti-G-CSF-R, and anti-KIT staining. Similarly,
endoglin was weakly expressed by a small subpopulation of tumor
cells. The fraction of ErbB4-positive and EPO-R–positive cells
varied from 6% to 20%, whereas the fraction of ErbB3-positive and
IGFI-R–positive cells ranged from 21% to 60%. Moreover, DiSano
et al. [109] found heterogeneous cytoplasmic and nuclear staining
after IHC with an anti-p16 antibody in one spitzoid melanoma
tumor. Heterogeneous expression of transcription factors, i.e.,
NF-κB and JunB, was observed as well [128].
The existence of two subpopulations, i.e., Nodal-high and

Nodal-low expressing cells, within melanoma metastases was detected
by Seftor et al. [148]. Therefore, fluorescence-activated cell sorting
(FACS) was used to separate these subpopulations from melanoma
cell lines and compare their features. They observed that significantly
more tumor colonies were formed in soft agar by Nodal-high
expressing cells than Nodal-low. Hence, they suggested the
importance of the Nodal pathway in tumor forming.
Intravital imaging of signaling reporter cell lines was performed by

Manning et al. [149] to examine intratumor heterogeneity of Notch
and serum response factor (SRF) signaling pathways. Only a few
Notch-active cells or SRF-active cells were observed within tumors.
SRF-active cells were scattered within tumors in small groups or as
individual positive cells. Moreover, only an average of 6.6% of cells
(ranged from 0% to 22% per field of view) was motile. The authors
established that tumor motility is associated with higher transcrip-
tional activity of both Notch and SRF signaling pathways.
Furthermore, IHC staining revealed that the expression of EZH2,
i.e., regulator of higher Notch and SRF activity, was heterogeneous in
27 human melanomas as well as 2 melanoma mouse models.
Expression was the highest in cells with the lowest levels of
pigmentation in invasive tumor margins.
Cintra Lopes Carapeto et al. [85] performed IHC to assess

heterogeneity of marker expression in four different areas within each
of 49 acral lentiginous melanoma tumors and 60 compound nevi.
The most heterogeneous protein was MYC which was heterogeneous
in 75% of tumors. PTEN expression was heterogeneous in 71% of
tumors, SCF in 53%, KIT in 47%, cyclin D1 37%, and BRAF in
53% of tumors (Table 1). Moreover, heterogeneity of expression was
observed in nevi, however, in a lower degree than in melanomas.
Recently, monoclonal antibodies inhibiting the interaction of

programmed death protein 1/programmed death-ligand 1 (PD-1/
PD-L1), such as nivolumab or pembrolizumab, have been considered
as promising drugs, especially for melanoma [150]. Because of this,
studies conducted by Madore et al. [151] are particularly important.
They used IHC to investigate intratumor and intertumor (described
in the subsection “Intertumor: Heterogeneity of Gene Expression”)
heterogeneity of PD-L1 expression in 43 primary and 96 metastatic
melanoma tumors from 58 patients. Of these tumors, 71 (51%)
contained PD-L1–positive cells. The percentage of PD-L1–expressing
cells as well as the intensity of staining was highly heterogeneous.
The median fraction of PD-L1–positive cells among all tumors was
1%, whereas it was 8% considering only samples with PD-L1
expression. Most commonly, small populations of cells expressing
PD-L1 within tumors were observed, especially in peripheral
compartments and in close association with tumor-infiltrating
lymphocytes. Moreover, PD-L1 expression was associated with a
higher tumor-infiltrating lymphocytes grade, whereas no correla-
tion with other prognostic factors was established. Similarly, tumor
heterogeneity of PD-L1 expression was observed by Sunshine et al.
[152].

Kuzbicki et al. [153] examined 126 melanoma tumors. They
performed IHC staining to assess whether the level of cyclooxygenase-2
(COX-2, also known as prostaglandin-endoperoxide synthase 2)
expression may serve as a melanoma prognostic marker. They found
significant correlation between a high level of COX-2 expression in
primary lesions and shorter survival as well as other prognostic factors,
such as tumor thickness, ulceration, or more invasive histologic
subtype. Moreover, considerable intratumor heterogeneity of
COX-2 expression was found. The fraction of COX-2–positive
cells varied from about 65% in primary tumors to over 95% in
metastases. In primary tumors, they observed a slightly higher expression
in peripheral areas compared with the central regions (about 70% and
65% of COX-2-positive cells).

Likewise, Botti et al. [154] observed heterogeneous expression of
both PD-L1 and COX-2 in primary tumors and lymph node
metastases. Furthermore, they reported significant correlation
between expression of COX-2 and PD-L1, and observed coexpression
of these proteins.

Heterogeneous Expression of Melanoma Markers. Sigalotti et al.
[121] used 14 single-cell clones generated from the primary culture of
melanoma tumors and performed reverse transcription PCR and
electrophoresis to investigate intratumor heterogeneity of cancer/
testis antigens (CTAs) expression. They found that MAGE
(melanoma-associated antigen)-A1, MAGE-A2, MAGE-A3,
MAGE-A4, MAGE-A6, GAGE (G antigen) 1-6, SSX (synovial
sarcoma X) 1-5, and PRAME (preferentially expressed antigen in
melanoma) were heterogeneously expressed. Of all antigens,
MAGE-A3 displayed the most substantial heterogeneity with
undetectable expression in five clones (36%), weak in six (43%),
and very strong in three clones (21%). Moreover, one clone expressed
130 times the amount of MAGE-A3 mRNA expressed by the other.
Likewise, heterogeneity of MAGE-C1/CT7 and MAGE-C2/CT10
expression in 54 mucosal melanoma tumors was found by
Curioni-Fontecedro et al. [155]. However, they used IHC and thus
investigated heterogeneity on the level of proteome, whereas
previously discussed research examined heterogeneity on the level of
transcriptome.

Widmer et al. [156] observed heterogeneity of MLANA (protein
melan-A, also known as melanoma antigen recognized by T cells 1)
expression in primary melanoma. Moreover, GLUT1 (glucose
transporter 1) expression was heterogeneous within the tumor, i.e.,
was upregulated with increasing distance from the blood vessels
within the tumor. Furthermore, they established that intratumor
heterogeneity may be induced by location and microenvironmental
factors, among others, by hypoxia. In this case, switching fromproliferative
to invasive tumor cell phenotype was triggered in the HIF1a
(hypoxia-inducible factor 1a)-dependent mechanism. Lenggenhager
et al. [157] observed heterogeneous expression of TRP-2, i.e.,
membrane-bound melanosomal enzyme connected with melanin
biosynthesis and thereby with the melanoma differentiation marker.
Interestingly, they established that TRP-2-negative cells were a highly
aggressive subpopulation. Moreover, Oiso et al. [158] presented one
case of amelanotic vulvar melanoma with highly intratumor heteroge-
neity of melanoma markers expression revealed by IHC.
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CSCs and Heterogeneous Expression of CDs. Intratumor hetero-
geneity of gene expression has been shown by many scientists who
have investigated the melanoma CSC model. This model assumes
existence of a small tumor cell subpopulation within tumor with
characteristic features, among others, the ability to self-renew and to
differentiate into all lineages of tumor cells [159]. The CSC model
was first described for hematologic cancers. Further, it was extended
for many solid cancers. However, the CSC model in case of
melanoma is still controversial [160]. Herein, we focus on tumor
heterogeneity described during CSC research and the not CSC model
itself. We refer to several papers in which controversies related with
CSCs in melanoma are discussed more precisely [160–164].

The subpopulation of tumor cells expressing ABC transporters,
which provide exclusion of Hoechst dye and anticancer drugs, as well
as those with ALDH and JARID1B expression was established as
putative melanoma stem cells. Kuzbicki et al. [165] used IHC to
investigate the expression of JARID1B in 30 nevi, 27 primary
melanomas, 4 metastases, and 1 local recurrence. In all primary and
metastatic tumors, expression was detected. About 70% and 75% of
tumor cells were JARID1B positive in primary and metastatic tumors,
respectively. Therefore, no significant differences in the percentage of
JARID1B+ cells between primary and metastatic tumors were
observed. Furthermore, expression in melanomas was significantly
higher compared with nevi.

Boiko et al. [166] used FACS and found that CD271, also known
as NGFR (nerve growth factor receptor), was heterogeneously
expressed in 9 (90%) out of 10 melanomas analyzed. The percentage
of CD271-positive cells ranged from 2.5% to 41.0% (mean =
16.7%). Moreover, they established that CD271 was expressed
differently in xenografted tumors (into Rag2−/− γc−/− mice) as well,
and the percentage of positive cells ranged from 6.4% to 75.3%
(mean = 26.3%). Furthermore, they showed that CD271+ cells were
capable of tumor induction (were tumorigenic) and reestablished the
original CD271 expression heterogeneity. Therefore, CD271+ cells
have stem cells properties. Civenni et al. [167] confirmed that
CD271+ cells are tumorigenic and are able to reestablish tumor
heterogeneity. However, they noted a lower percentage of CD271+
cells within tumors. They did not detect CD271 expression in 31
(57%) primary melanoma biopsies; in 14 (26%) biopsies, they found
that less than 5% of tumor cells were CD271+, whereas in 9 (17%),
more than 5% of tumor cells were CD271+. Conversely, Quintana
et al. [168] did not found differences in tumorigenicity between
CD271+ and CD271− cells. Therefore, it was established that
different conclusions obtained by researchers resulted from different
methods of tumor cells preparation, especially during enzymatic
dissociation of tumor tissue [164]. CD271 was shown to be a good
marker of desmoplastic melanoma [169,170]. High percentage of
CD271-positive cells within tumors [169] contradicts the CSC
model, according to which CSCs represent a very small percentage of
the population. Moreover, due to the fact that expression of CD271 is
upregulated by inflammation [171], it undermines the role of a
reliable marker of CSCs. Using FACS, Held et al. [172] distinguished
three subpopulations in each short-term tumor cell culture, i.e.,
CD34+p75−, CD34−p75−, and CD34−p75+. Moreover, they
reported that the tumor biopsies showed a similar fraction of these
subpopulations. Furthermore, reestablishing tumor heterogeneity by
CD34−p57− subpopulation was shown. Markers of tumor-initiating
cells, i.e., subpopulation with the capability to seed new tumors but
unable to reestablish tumor heterogeneity, were sought by Schatton
et al. [173]. They identified a subpopulation of cells expressing
ABCB5 which were enriched for tumor-initiating cells. The level of
ABCB5 expression was assessed by IHC. In seven freshly derived
melanoma biopsies, the frequency of ABCB5-positive tumor cells
ranged from 1.6% to 20.4% (mean = 10.1%). Moreover, the
expression of nestin/NES (on average 28.7% of tumor cells were
positive), TIE1 (22.9%), CD31 (0.7%), BMPRCD144 (0.5%), and
CD20 (0.4%) was heterogeneous as well. Furthermore, flow
cytometry and IHC of ABCB5+ population-derived primary and
secondary xenografts in nude mice showed that ABCB5+ tumor cells
reestablished parental tumor heterogeneity, i.e., ABCB5+ population-
derived tumors contained ABCB5+ cells as well as ABCB5−. Using
FACS, Lai et al. [174] assessed that, in primary and metastatic
melanoma cell lines, the subset of CD133+ cells ranged from 0.2% to
76.3%. However, Moznani et al. [175] found in fresh surgical
biopsies from seven tumors that the percentage of CD133+ cells was
less than 1% (mean = 0.43%). Therefore, the percentage of CD133+
cells strictly depends on the conditions, i.e., in vitro or in vivo.
Furthermore, the tumor-initiating properties of the CD133+ cells
were shown. Similarly to the previous studies, Fang et al. [176] found
small subpopulations of tumor cells with stem cell properties in
patient-derived metastatic melanoma cultures.

Moreover, heterogeneity of A2B5, ABCB5, CD34, CD44,
CD49B, CD49D, CD49f, CD54, CD133, CD166, GD2, gp100,
L1CAM, MCAM, Melan-A, HNK-1, Nestin, and Oct3/4 expression
in primary melanoma or patient-derived melanoma cell lines was
observed [168,177,178].

Side Population (SP). Luo et al. [179] examined SP cells, i.e.,
cells having stem cell–like properties and expressing ABC trans-
porters, in melanoma. In all three primary and five metastatic
melanoma tumors, SPs were detected. The fraction of SP cells was
small, ranging from 0.13% to 0.70% (mean = 0.33%). Furthermore,
microarray analysis was performed to compare expression levels of all
48 ABC transporters between SP and other tumor cells. SP cells
expressed 13 times more ABCB1 and ABCB5 than cells from non-SP
main population (MP). Upregulation of expression of these
transporters was confirmed by quantitative reverse transcriptase
PCR and flow cytometric analysis. Likewise, SP cells in melanoma
were investigated by Wouters et al. [138]. They detected SP in all 38
examined melanoma tumors. Similarly to previous research, the
fraction of SP cells ranged from 0.1% to 2.2% of tumor cells (mean =
0.4%). Moreover, they established that SP had higher tumorigenic
activity than MP and could reestablish parental tumor heterogeneity.
Whole-genome expression of SP and MP from four primary
melanomas was compared using microarray. They detected 462
different expressing genes between SP and MP (≥1.5 times up or
down). Interestingly, expression of antiapoptotic factors was
significantly higher in SP compared with MP cells

Epigenetic Heterogeneity
Epigenetic regulation is the highest level of the intracellular regulation

system. Its effects on pathogenesis, progression, and resistance to
treatment of melanoma are becoming better understood; nonetheless,
many issues remain unclear [180,181]. Heterogeneity of tumor cells may
also be present on epigenetic level (Figure 1F ). To have a comprehensive
view of the differences presented here, the following components of
epigenetics need to be considered: chromatin structure and histone
modification, in particular acetylation, DNA, especially promoter
sequence, methylation, X-chromosome inactivation and noncoding



able 2. Intertumor Heterogeneity of BRAF Mutation Status

ef. Samples Methods Number (%) of Tumors or Pairs
with Different BRAF Genotype

87] 2 MT qPCR MT-MT 2/2 (100%)

88]
114 PT
86 MT

Direct seq
PT-MT 7/24 (29%)
MT-MT 2/2 (100%)

9]
124 PT
76 MT

IHC 63/135 (47%)
Direct seq 4/135 (3%)

6]
40 PT
37 MT

Sequenom MassARRAY 9/17 (53%)

89]
59 PT
68 MT

Direct seq 5/13 (38%)

3]
18 PT
94 MT

Direct seq, MS-PCR
PT-MT 8/18 (44%)
MT-MT 5/19 (26%)

8]
100 PT
37 MT

PNA qPCR, IHC, NGS Cap Seq 5/15 (33%)

90]
40 PT
34 MT

Southern blot 11/34 (32%)
IHC 11/40 (28%)

88]
24 PT
24 MT

Direct seq 5/24 (21%)

91]
44 PT
194 MT

Pyro, Cap seq 10/53 (19%)

92]
25 PT
25 MT

qPCR, ARMS
PT-MT 4/25 (16%)
MT-MT 2/6 (33%)

1]
140 PT
171 MT

qPCR 23/140 (16%)
IHC 1/140 (1%)

1]
102 PT
165 MT

Direct seq 15/99 (15%)

93]
48 PT
48 MT

Pyro 7/48 (15%)
IHC 3/48 (6%)

85]
74 PT
89 MT

Direct seq 10/74 (14%)

83]
25 PT
50 MT

NGS 3/25 (12%)

0]
22 MIS
56 PT
93 MT

Pyro, IHC 2/30 (7%)

6]
50 PT
139 MT

HRM, qPCR 3/54 (6%)
IHC 0/54 (0%)

2]
75 PT
88 MT

NGS 4/75 (5%)

5]
70 PT
88 MT

SSCP 3/71 (4%)

94]
39 PT
255 MT

Pyro 2/57 (4%)

verall 229/1477 (15.5%)

bbreviations: PT, primary tumors; MT, metastasis tumors; NT, undefined tumors; qPCR,
uantitative (real-time) PCR; MIS, melanoma in situ; IHC, immunohistochemistry; Direct seq,
irect sequencing; MS-PCR, mutant-specific PCR; PNA qPCR, peptide nucleic acid real-time
CR; NGS, next-generation sequencing; Cap seq, capillary sequencing; Pyro, pyrosequencing;
RM, high-resolution melting; ARMS, amplification refractory mutation system; SSCP,
ngle-strand conformation polymorphism.
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RNA, i.e., microRNA and long noncoding RNAs, regulation. Epigenetic
dysregulation results from a primary lesion on a lower level of genetic
organization (genomic/transcriptomic) ,or it can be solely a causative
change. However, miRNA may diffuse to surrounding cells and tissues
and, by doing so,may affect distant locations. This phenomenon transfers
the changes from the intracellular level even up to the circulatory level.
Nevertheless, epigenetic heterogeneity remains poorly explored and
therefore requires further intensive research.
Sigalotti et al. [121] showed that methylation of CTA promoters

generates intratumor heterogeneity of CTA expression. DNA
methylation analyses were performed for three single-cell clones
from metastatic tumor characterized by the highest levels and the
lowest levels of MAGE-A3 expression as well as undetectable
MAGE-A3 expression. They found that methylation of CpG
dinucleotides located in an MAGE-A3 promoter was substantially
higher in clones which did not express MAGE-A3 when compared
with clones which expressed MAGE-A3. Moreover, CpG methyla-
tion at some positions, which was common in clones with low
expression, was rare in those with high expression. Furthermore, they
showed that DNA hypomethylating agent 5-aza-2′-deoxycytidine
(5-AZA-dCyd) induced CTA expression in all negative clones. They
believed that using 5-AZA-dCyd may provide the possibility to
overcome of the limitations in CTA-based vaccine therapies caused by
intratumor heterogeneity. Rastetter et al. [182] investigated the
methylation state of tumor suppressor gene promoters in 15 primary
and 19 metastatic tumors. Using methylation-specific PCR, they
showed that 70% (16 out of 23) of cases exhibited an intratumoral
heterogeneous methylation pattern in at least one promoter (17%,
20%, 33%, 40%, and 45% for RASSF1A, MGMT, DAPK, Rb, and
p16 respectively). Methylation of tumor suppressor gene promoters
led to accelerated progression of tumor cells; therefore, the intratumor
heterogeneity of methylation pattern may directly enhance differences
among clones within the tumor.

Intertumor Heterogeneity in Melanoma
It is known that the main cause of intertumor (intrapatient)
heterogeneity (Figure 1B) is intratumor heterogeneity (Figure 1A)
of the primary tumor [102,183,184]. To be precise, heterogeneity of
circulating tumor cells (CTCs) or CTC clusters. Metastatic tumors
may arise from different, i.e., dominant or minor, subpopulations
within tumors. Another cause of intertumor heterogeneity is the
constant evolution of tumors. The acquisition of novel mutations
during tumor progression results in branching of the phylogenetic
tree. Therefore, heterogeneity between primary and metastatic
tumors, and among multiple metastases, i.e., intermetastases
heterogeneity, may be detected.

Genetic Heterogeneity
Different mutations among primary tumor and metastases, or

multiple metastatic tumors, are commonly observed. These discrep-
ancies constitute intertumor genetic heterogeneity.

Mutations in Cancer-Related Genes. In a similar manner, as with
intratumor heterogeneity, we performed a systematic review of
intertumor heterogeneity of BRAF mutation status (Table 2).
Considering all tumors examined by various methods, 15.5% (229
of 1,477) exhibited discordant BRAF status. Moreover, as expected,
the rate of discordance in the BRAF genotype increases with the
number of tumors, i.e., was 8% (2/25) in patients with one primary
tumor and one metastasis, 18% (6/33) in patients with two
T
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metastases, and 20% (2/10) in patients with three metastases [185].
The meta-analysis showed that intertumor heterogeneity of BRAF
mutations exists and has clinical relevance [186]. Nevertheless,
intertumor heterogeneity of BRAF mutations still remains contro-
versial, and some researchers claim that the majority of discordances
are due to false-positive or false-negative results as well as
contamination with non-tumor cells [75].

Egberts et al. [195] investigated the mutational status of the BRAF
and NRAS gene as well as TERT-promoter in multiple primary
melanomas. Intertumor heterogeneity between first and subsequent
primary tumors given all three genes was noted in 59 (61%) out of 96
patients. Only 24% of patients exhibited intertumor homogeneity
given all three genes.

Lin et al. [76] compared BRAFMAF in three primary and matched
metastatic or recurrence tumors. In two pairs, an increase in BRAF
mutant allele frequency in metastatic or recurrence tumor compared
to primary tumor was observed. Moreover, a small fraction of BRAF
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V600K mutant allele was detected after PCR, subcloning, and
sequencing in primary tumors which was classified as BRAF wild type
by conventional sequencing. In seven (78%) out of nine correspond-
ing metastases, the frequency of BRAF mutant allele was substantially
higher. Therefore, this suggests selection of the BRAF mutant allele
during melanoma progression. Likewise, intertumor heterogeneity of
BRAF mutation was observed by Sakaizawa et al. [196].

Vivancos et al. [99] confirmed that tumor cells acquired mutations
during progression. From nine examined mutations which were
present in recurrent tumor, six were present in primary tumor,
whereas only two were present in nevus of Ota. Moreover, MAFs
varied among the tumors. Harbst et al. [197] examined 27 patients
with multiple metastatic melanoma tumors. In 22 (81%) patients,
private mutations and copy number alterations, i.e., specific to only
one tumor within the patient, were detected by NGS. Moreover, they
established that BRAF and NRAS mutations, if present in the first
metastasis, were preserved in subsequent tumors, whereas some
mutations, like PTEN, were acquired during cancer progression.
Houben et al. [188] found discrepancies in the NRAS genotype
between primary and matched metastatic tumors in 2 (8%) out of 24
patients. Similarly, Colombino et al. [61] noted discordant NRAS
status among matched tumors in 7 (7%) out of 99 patients.
Moreover, in 11 (69%) out of 16 patients with p16 CDKN2A
(cyclin-dependent kinase Inhibitor 2A) mutations, discordancy
among tumors was detected. It is worth noting that, in all these
patients, only metastatic tumor cells harbored p16 CDKN2A
mutations, i.e., tumor suppressor protein mutations, whereas primary
tumors were wild type. Additional mutations in TP53 and p16
CDKN2A genes in lymph node metastases when compared with the
paired primary tumor in 3 (12%) out of 25 patients were noted by
Casula et al. [183] as well.

Goswami et al. [198] investigated 265 pairs of primary and
metastatic tumors, including 20 melanomas. Interestingly, they
observed mutations present exclusively in primary tumors, whereas
other studies showed additional mutations mainly in metastases. For
instance, one primary tumor harbored KIT mutation which was
absent in paired metastasis, and the other primary tumor harbored
KRAS mutation which was absent in metastasis. This was due to the
acquisition of mutations by primary tumor after dissemination to
metastases.

Hugo et al. [199] found that melanoma tumors acquired MAPKi
(mitogen-activated protein kinases inhibitor) resistance in different
ways, including genetic alterations. Seven (88%) out of eight patients
receiving BRAFi (BRAF inhibitor), who had multiple tumors
examined, exhibited at least one discrepancy in genes conferring
resistance to MAPKi among tumors. For instance, in one patient, two
(22%) out of nine tumors exhibited copy number gain of the BRAF
gene, whereas three (33%) exhibited SNVs or indels in the KRAS gene.
Likewise, three (50%) out of six patients receiving BRAFi+MEKi
(BRAF inhibitor and MEK inhibitor combination) with multiple
tumors exhibited at least one discrepancy. For instance, one patient had
three (43%) out of seven tumors with BRAF copy number gain and
copy number loss of p16 CDKN2A, three (43%) BRAF wild-type
tumors while exhibiting however copy number loss of p16 CDKN2A,
and one (14%) tumor wild type for both genes.

CTCs enable noninvasive monitoring of tumor heterogeneity and
plasticity over time. Therefore, Fusi et al. [200] established a method
for the analysis of BRAF mutation in circulating melanoma cells. In 2
(10%) out of 21 patients, discordancy of the BRAF genotype between
bulk tumors and CTCs from peripheral blood samples was observed.
In one patient, two (40%) out of five CTCs were BRAF mutated,
whereas the tissue sample was BRAF wild type. All CTCs from
another patient were BRAF mutated, whereas the tissue sample was
BRAF wild type. Likewise, heterogeneity of CTCs was observed by
Sakaizawa et al. [196].

SNVs and CNVs within Genome. Reuben et al. [201] sequenced
whole exome of 33 metastatic tumors from 15 patients. They found
that the percentage of intertumor heterogeneous nonsynonymous
mutations was 37%, 52%, and 43% for multiple metastases obtained
from targeted therapy, checkpoint blockade, and treatment-naïve
patients, respectively. Furthermore, they showed that the large
percentage of neoantigens were unique for one metastasis, i.e., an
average of 29% neoantigens for patients receiving targeted treatment,
40% for patients receiving immune checkpoint blockade, and 37%
for treatment-naïve patients. Moreover, they established that
intrapatient intertumor heterogeneity was noticeable; however, it
was not as pronounced as interpatient heterogeneity (Figure 1C).
Sanborn et al. [102] confirmed that the main cause of intertumor
heterogeneity is intratumor heterogeneity. WES in three (37.5%) out
of eight patients revealed at least two distinct parental subpopulations
in primary tumors shared only with some metastases. Therefore, they
reported that these metastases arose from different subpopulations
within the primary tumors, not evolved from other metastases. In one
patient, sequencing revealed that at least two SNVs were present
subclonally within the primary tumor, were absent in locoregional
metastasis, and were present in two others metastases, i.e., lymph
node and distant skin metastasis. Conversely, at least two SNVs were
present subclonally within the primary tumor as well as in
locoregional metastasis, although they were absent in two other
metastases. Therefore, they concluded that locoregional metastasis
arose from one subpopulation within primary tumor, whereas lymph
node and distant skin metastases arose from another. Furthermore,
identical CNV was observed in the subclonal level in two locoregional
metastases within one patient. Thus, each of these tumors had to be
formed by at least two distinct tumor cell populations.

Ding et al. [101] compared data obtained from WGS from two
pairs of metastatic tumors from two patients. One pair exhibited
almost identical profiles of rearrangements and CNVs, whereas in the
other pair, some mutations were present in one tumor but were
absent in the other, i.e., were intertumor heterogeneous. Despite
these differences, further analysis revealed that both tumors arose
from the same clone in the primary tumor.

Turajlic et al. [104] comparedMAF of 44 genes between primary and
metastasis acral melanomas. In both tumors, 39 SNVs were confirmed.
For 16 (41%) SNVs, the MAF differed by less than 10% between
primary and metastatic tumors, although for 8 (21%) SNVs, the MAF
differed bymore than 20%.Moreover, for 23 (59%) SNVs, theMAFwas
higher in metastasis compared with primary tumor. Furthermore, 27 and
32 short insertions and deletions (indels) were identified as somatic in the
coding regions in primary and metastatic tumors, respectively. Only one
(2%) indel was common to both primary andmetastatic tumors, whereas
others (98%) were exclusive for primary tumors or metastases and thus
were heterogeneous. Furthermore, they found 57 and 71 somatic
structural variations (SVs) in the primary tumor and metastasis,
respectively. Of them, 55 (75%) were present in both tumors, whereas
others (25%) exhibited intertumor heterogeneity

LOH. Katona et al. [202] performed PCR amplification of five
microsatellite markers and gel electrophoresis to find the
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heterogeneous loci of LOH. In 3 (23%) out of 13 patients, the
primary and all metastatic tumors shared the same LOH pattern. In
10 (77%) patients, there were discrepancies between the primary and
corresponding metastatic tumors or among multiple metastases
(intermetastases). Moreover, in six (46%) patients, metastases showed
LOH at a greater number when compared with the matched primary
tumor. Therefore, they suggested that some LOH may be involved in
the acquisition of metastatic potential. Nakayama et al. [107] found
that 6 (8%) out of 79 in-transit melanomas exhibited different LOH
status in at least 1 marker compared with other metastases from the
same patient. Moreover, they examined 10 corresponding primary
tumors and found that 5 (50%) patients exhibited additional LOH in
metastases. Furthermore, Swoboda et al. [184] found deletions
exclusively in the primary melanoma cell line or in the matched
metastatic melanoma cell line.
Takata et al. [111] investigated 15 metastases from 8 patients apart

from 10 primary tumors as described in the subsection “Intratumor:
Genetic Heterogeneity.” For five patients, more than one tumor was
examined. Four (80%) patients exhibited the same pattern of LOH in
all metastatic tumors. Moreover, the pattern of LOH in metastases
was identical to those in all tumor cells or in the subclones within the
primary tumor. Nevertheless, one (20%) patient showed intertumor
heterogeneity between two metastases, and three (60%) patients
exhibited a discordant pattern of LOH between the primary and
metastatic tumors.
Bahrami et al. [203] analyzed LOH at eight loci, i.e., 1p, 6q, 10q,

11q, 18q, and three loci in 9p, as well as X-chromosome inactivation
in nine primary melanoma tumors and corresponding metastases.
Discrepancies between primary and metastatic tumors as well as
among multiple metastases were observed. The most heterogeneous
locus were 9p, i.e., D9S171, [discordant status in seven (78%) out of
nine patients] and 6q, i.e., D6S305 [discordant status in six (75%)
out of eight patients]. The number of discordant loci among tumors
within patients ranged from 0 to 6 (mean = 3).
Uguen et al. [110] used FISH targeting chromosomes 6, 8, 9, and

11 to characterize 10 paired primary and metastatic tumors. They
found intertumor heterogeneity in at least 1 marker in 9 (90%) out of
10 patients. One (10%) patient exhibited heterogeneity among
primary and metastatic tumor as well as among metastases.
Besides intratumor heterogeneity, Gandolfi et al. [67] investigated

intertumor heterogeneity of one primary and two corresponding
metastatic tumors. They found that only a subpopulation of cells
within the primary tumor exhibited deletion of chromosome 9
(intratumor heterogeneity). Two distant metastases showed the same
alterations as the primary tumor, except the chromosome 9 deletion.
Therefore, it is probable that these metastases derived from a
population of cells with normal chromosome 9 status. Moreover, they
did not find any additional alterations compared to the primary
tumor. In contrast to the previously discussed studies, they suggested
that the majority of genetic alterations are already present within the
primary tumor at the time of metastasis spread.

Heterogeneity of Genes’ Expression
Intertumor heterogeneity of BRAF mutant expression was revealed

by IHC which is presented in Table 2.
Haqq et al. [143] found that gene expression may vary significantly

between the primary tumor and corresponding metastasis. Likewise,
Reuben et al. [201] found a significant intermetastases heterogeneity
in all 15 patients studied. They observed heterogeneity of expression
of immune-related genes, i.e., cytokines, chemokines, human
leukocyte antigen (HLA) molecules, adhesion molecules as well as
interferon (IFN) pathway genes. Moreover, in more than half of the
patients, intertumor heterogeneity of PD-L1 expression was observed
[151].

Harbst et al. [197] found that, in half of the examined patients (14
out of 28), multiple metastases belonged to different molecular
subtypes of a gene expression. Interestingly, Hugo et al. [199]
observed significant intertumor heterogeneity of mechanisms leading
to resistance to MAPKi through alterations in gene expression, i.e.,
underexpression or overexpression.

Kuzbicki et al. [165] found that the expression levels of JARID1B
were similar in matched primary and metastatic tumors, and primary
and recurrent tumors, though only a small sample was investigated,
i.e., two cases with paired primary and metastatic tumors and one case
with primary and recurrent tumors. Therefore, their results have little
statistical significance. Furthermore, intertumor heterogeneity of
COX-2 expression was investigated by Kuzbicki et al. [153]. They
showed that for all 39 cases of primary and matched metastatic
tumors, the percentage of COX-2–positive cells was similar or higher
in the primary tumor.

Epigenetic Heterogeneity
Different methylation patterns between paired cell lines were

investigated by Chatterjee et al. [204]. Reduced representation
bisulfite sequencing was used to compare genome-wide DNA
methylation patterns in three cutaneous primary and metastatic
melanoma cell line pairs. They found 22,745, 7220, and 7520
differentially methylated fragments, i.e., fragments with at least 25%
mean methylation difference, between the primary and corresponding
metastatic melanoma cell lines. Generally, they established that
primary cell lines were hypermethylated compared with the matched
metastatic melanoma cell lines. Rastetter et al. [182] found that all
four cases with multiple metastases exhibited a heterogenous
methylation pattern between tumors. They suggested that differences
between metastases are due to their origin from a distinct
subpopulation within the primary tumor. Therefore, the main
cause of intertumor epigenetic heterogeneity is intratumor heteroge-
neity. Katona et al. [202] found that 4 (31%) out of 13 patients had a
discordant pattern of X-chromosome inactivation between the
primary and matched metastatic tumors. These results were similar
to those obtained by Bahrami et al. [203], who observed intratumor
heterogeneity of X-chromosome inactivation in one (25%) out of
four patients.

Similarly to previous results, Hugo et al. [199] found that multiple
tumors within patient may exhibit different epigenetic alterations
leading to acquisition of MAPKi resistance.
Implications for Diagnosis and Treatment
The main consequences of melanoma tumor heterogeneity relevant
from a clinical point of view are the obstacles to diagnosis and
treatment.

Diagnosis: Difficult Detection of Small Subclones Harboring
Rare Mutations

Characterization of an entire spectrum of tumor cells, commonly
exhibiting variable, distinct features, is necessary since all tumor cells
have to be killed for successful therapy [156]. Tumor heterogeneity is
the main obstruction for personalized cancer medicine [103,104].
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Therefore, it is necessary to perform an analysis of multiple biopsies
within all tumors with very high accuracy to detect rare mutations
present commonly in small subclones. Due to intratumor heteroge-
neity, a single biopsy may be insufficient for the evaluation of the
alterations landscape of the whole tumor [15,33,67,94,103,108,205].
For instance, Lake et al. [113] established that biopsies of an
extraocular, thereby more accessible, part of UM may not represent a
whole tumor spectrum of mutations.

Bulk analysis leads to the detection of dominant clones, although
this may omit minor subpopulations, for instance, SP or CSC
populations, which are often crucial for tumor progression and the
effectiveness of therapy. Moreover, it is suggested that the quantitative
evaluation of mutations, for instance, BRAF mutations, is more
reliable and useful than qualitative evaluation and therefore ought to
be a standard procedure in mutational status defining [63]. At
present, NGS seems to be the most accuracy, the cheapest, the fastest,
and therefore the most appropriate method for cancer-relevant genes
analyses, including BRAF, NRAS, and KIT. Due to very low
frequency of many private mutations which are the basis of
intratumor heterogeneity as well as tumor cell dispersal resulting
from high motility of some clones [206], the increase of coverage,
which enables decrease of detection threshold in NGS analyses, is
required to ensure the highest accuracy [84,206].

One of the implications of intertumor heterogeneity for diagnosis
is the necessity to examine multiple biopsies from each tumor because
one biopsy alone might not represent the entire mutational spectrum
of all tumors. It has been shown for other types of cancer, e.g. clear
cell renal cell carcinoma [207], that multisite biopsies are far more
accurate and more advantageous than routine. Nonetheless,
mutational screening restricted to only one biopsy is common in
clinical practice, also in cases of melanoma [187]. Therefore, even
though the patient could be qualified for treatment with, for instance,
a specific inhibitor, the patient would not be qualified for treatment if
the only examined sample would be wild type, i.e., would not harbor
a mutant allele [185,187,191]. Saint-Jean et al. [185] found that in 5
(7%) out of 74 patients with at least 2 tumors analyzed, the second or
third sample was BRAF mutated whereas the first or the first and
second samples were BRAF wild type. Therefore, without repeated
biopsies, these patients would not have been treated with BRAFi
vemurafenib.

Interestingly, Helmbold et al. [114] showed that only 65% of
measuring fields (127 out of 196) were found to represent their
tumors reliably, i.e., contained all of the tumor cell stem lines. The
rate of representative fields was even lower in a group of stem line
heterogeneous tumors and equaled 32% (33 out of 102). Therefore,
they established that measuring at least three fields per tumor was
necessary to identify all stem lines within a tumor with a likelihood of
95%. Moreover, Saint-Jean et al. [185] highlighted the necessity of
multiple biopsies during disease progression, especially in BRAF
wild-type patients, apart from biopsies of all tumors. It was confirmed
by Gray et al. [208] who detected the NRAS Q61 mutations which
provide MAPKi resistance in cell-free ctDNA extracted from three
(43%) out of seven patients with disease progression after initial
response to dabrafenib/trametinib treatment. Therefore, further
treatment would be ineffective. In biopsies obtained prior to
MAPKi therapy from these patients, the NRAS mutations were not
detected. Temporal heterogeneity, especially under intense selection
during treatment, makes constant tumor monitoring necessary.
However, the choice of therapy is often made on the basis of archived
primary tumor material [209]. Our review of the literature shows that
this clinical practice has to advance on the basis of novel research
results.

Tumor heterogeneity studies are even more important since degree
of heterogeneity of melanoma may serve as a prognostic marker.
Higher heterogeneity is often associated with a poorer prognosis
[12,210]. Relation between cancer progression and the degree of
heterogeneity was first shown for progression of Barrett's esophagus to
esophageal adenocarcinoma [31]. Association between tumor
heterogeneity and cancer progression as well as prognosis is poorly
explored in melanoma. However, it was shown that heterogeneity of
protein marker expression is a more powerful indicator of malignancy
in acral lentiginous melanomas than protein marker expression alone
[85]. Nonetheless, further studies are necessary.

Recently, the characterization of CTCs and cell-free ctDNA, i.e.,
“liquid biopsy” [211], seems to be a promising approach to
noninvasively monitor the progression of cancer at the whole-body
level, especially during and after therapy, without neglecting or
underestimation of tumor heterogeneity [196,208,212–214]. More-
over, liquid biopsies enable the disease monitoring when biopsies are
not available and the earlier prediction of cancer progression, response
to treatment, or relapse after its than radiological diagnostics [98].
Further research and development of liquid biopsies analysis methods
are required for their improvement and dissemination in clinical
practice.

Treatment: Heterogeneity of Treatment Targets and Existence
of Drug-Resistant Populations

Tumor heterogeneity becomes even more relevant, especially from
a clinical point of view, if it concerns genes or their products, which
provide a new advantage and increase tumor cell fitness [103], or if it
concerns treatment targets. It is known that genetic heterogeneity as
well as nongenetic acquired heterogeneity induced by microenviron-
mental factors may lead to treatment resistance [156]. Drugs that
target one pathway may induce the emergence of another clone
harboring a mutation in member of alternative pathway providing
further tumor progression [144]. These drugs may also cause changes
in the clonal composition of the tumor leading to the dominance of
drugs-resistance clones [102]. Intertumor heterogeneity, i.e.,
tumor-specific mutations and alternating mutant allele frequency,
may lead to differences in treatment responses among multiple
tumors within a patient [101]. Reuben et al. [201] established that
heterogeneous response to targeted therapy and immune checkpoint
blockade is observed in the majority of patients. Interestingly, in 13
(22%) patients, the differences in rate of tumor growth between
metastatic tumors were greater than 50%.

Since tumor growth probably depends on a small fraction of tumor
cells, the elimination of this crucial subpopulation would eradicate
tumors more effectively than targeting all tumor cells [215]. Schmidt
et al. [215] showed that target elimination of a small subpopulation of
tumor cells, i.e., CD20+ cells which represented less than 2% of the
tumor cells, causes effective eradication of melanoma tumors.
Furthermore, phenotypes present in only a minority of cells common
are crucial for survival and regrowth during or after therapy [103].
The existence of multiple drug-resistant subpopulations of cells
within tumors remains a major challenge for future therapy
approaches. Schatton et al. [173] showed that anti-ABCB5
monoclonal antibody treatment, i.e., targeting one of the CSCs
markers, inhibited tumor growth and formation in mice.
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Tumor clonal composition is changing during treatment. It is due
to heterogeneity of therapy. Moreover, it results from different
response to treatment of each clone within tumor [98]. The most
pronounced changes occur after therapy with monoclonal antibodies
and small molecule inhibitors. After anti-ABCB5 treatment, the
percentage of ABCB5+ decreased from, on average, 10% to less than
1% [173]. It was found that after BRAFi treatment, BRAF expression
decreases significantly and becomes more heterogeneous [81].
Moreover, in tumors treated with vemurafenib (BRAFi) or dabrafenib
(BRAFi) and trametinib (RAF/MEKi), the fraction of AXL-high cells
is higher compared to the pretreatment state [128]. Gremel et al. [98]
noted that the KIT MAF in cell-free ctDNA was highly variable
during treatment with different agents, i.e., increased to about 15%
during dacarbazine treatment, further decreased to almost zero after
imatinib (tyrosine kinase inhibitor), increased to 30% after
ipilimumab (anti–CTLA-4), and finally achieved about 45% after
pembrolizumab (anti-PD-1), which results from a different response
of two clones to each of the therapy.
Intratumor and intertumor heterogeneity of the BRAF mutation

may contribute to the range of initial responses [192] and cause
decreased efficiency [200] and resistance to BRAF inhibitors [192].
Albeit, Riveiro-Falkenbach et al. [91] claimed that BRAF heteroge-
neity cannot cause BRAFi resistance. However, their views may be
biased due to observed homogeneity of BRAF gene within all
examined tumors examined by them (Table 1). It was shown that
quantification of the BRAF mutated allele within tumors is a
predictive marker for response to BRAF inhibitors [216]. A large
BRAF mutation allele fraction is associated with the best response rate
to BRAFi, such as vemurafenib. In this research, progression-free
survival after vemurafenib (BRAFi) treatment was significantly higher
in patients with high mutation levels (more than 50%) during the
first 10 months of treatment, although it was lower thereafter.
Helias-Rodzewicz et al. [63] found that two patients with high BRAF
mutation levels had prolonged progression-free survival, thereby
confirming previous studies. Moreover, it is suggested that generally
patients with lower intratumor and intertumor heterogeneity are
more likely to respond better to treatment [201].
Hugo et al. [199] observed a diversity of genetic and nongenetic

alterations leading to the acquisition of MAPKi resistance. Moreover,
they established that tumors within one patient may achieve
resistance in different ways. Therefore, heterogeneity of acquired
resistance, as well as heterogeneity present at the beginning of
treatment, is an issue that must be taken into consideration in
choosing the method of treatment and must be further explored.
Interestingly, it was shown that the mechanisms of MAPKi resistance
may be heterogeneous within one tumor as well as among tumors
[217,218]. Therefore, both intratumor and intertumor heterogeneity
of resistance mechanisms is observed.

Conclusions and Future Directions
Melanoma is highly heterogeneous. Despite a considerable progress in
tumor heterogeneity research, many issues remain unclear and,
therefore, controversial. A comprehension of the mechanisms driving
tumor heterogeneity and targeting them in new therapy approaches is
required [144]. Moreover, understanding them would allow
overcoming difficulties in diagnosis and treatment caused by
heterogeneity. Besides investigating tumor heterogeneity, phyloge-
netic analyses, which enable more comprehensive view, are required
to understand tumor biology [219].
In the era of personalized medicine, fast, cheap, accurate, and
effective diagnostic methods are necessary. Both intratumor and
intertumor heterogeneity must be considered in diagnosis and
treatment planning. Moreover, the preclinical stages of therapy
development must take into account tumor heterogeneity [123].
Knowing the clonal composition of each tumor is necessary to
optimize therapy approaches [101]. In addition, finding a key
population of tumor cells and targeting therapy against it would
provide effective tumor eradication.
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