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BACKGROUND: Oncogenic BRAF mutation had been considered to be a founder event in the formation of melanocytic tumours;
however, we recently argued against this notion by showing marked polyclonality of BRAF mutations in acquired melanocytic nevi
(Lin et al, J Natl Cancer Inst., 2009; 101:1423–7). Here, we tested whether similar heterogeneity of BRAF mutations exists in primary
melanomas.
METHODS: We isolated and sequenced single melanoma cells from five primary melanoma tissues using antibodies against human
high-molecular-weight melanoma-associated antigen. We also examined 10 primary melanomas by the sensitive Mutector assay
detecting the BRAFV600E mutation, as well as by cloning and sequencing of separated alleles. Furthermore, we estimated the
frequency of BRAF mutant alleles in paired samples of primary tumour and recurrence or metastasis in three patients.
RESULTS: Single-cell mutation analyses revealed that four of five primary melanomas contained both BRAF-wild-type and BRAF-mutant
tumour cells. Tumour heterogeneity in terms of BRAF mutations was also shown in 8 of 10 primary melanomas. Selection of BRAF
mutant alleles during progression was demonstrated in all the three patients.
CONCLUSION: Acquisition of a BRAF mutation is not a founder event, but may be one of the multiple clonal events in melanoma
development, which is selected for during the progression.
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Among the several genetic alterations governing melanoma
initiation and progression so far identified, the serine/threonine-
specific protein kinase BRAF is thought to be a key player because
it is activated by somatic mutations in 50–70% of cutaneous
melanomas. A substitution of glutamic acid for valine at codon 600
(V600E) is the most common BRAF mutation in melanoma,
occurring in over 90% of BRAF-mutated cases (Davies et al, 2002).
BRAFV600E constitutively activates the RAS/RAF/MEK/ERK signal-
ling pathway, and stimulates transformation of immortalised
melanocytes (Wellbrock et al, 2004). Interestingly, the BRAFV600E

mutation was also found in over 80% of melanocytic nevi,
suggesting that mutational activation of the RAS/RAF/MEK/ERK
pathway is a critical step in the initiation of melanocytic neoplasia
(Pollock et al, 2003). Moreover, a mouse model of melanocytic
nevus and melanoma, which is driven by the inducible expression
of BRAFV600E in melanocytes, has been developed recently,
providing further evidence that the acquisition of a BRAF
mutation can be a founder event in melanocyte transformation
(Dhomen et al, 2009). Based on these observations, a number of
Raf kinase inhibitors, as well as a selective inhibitor of active B-Raf

kinase have been developed and tested in clinical settings
(reviewed in Gray-Schopfer et al, 2007; Wellbrock and Hurlstone,
2010).
Very recently, however, we have demonstrated marked poly-

clonality of BRAF mutations in acquired melanocytic nevi, which
argues against the possibility that a mutation in BRAF is an initial
event in melanocyte transformation (Lin et al, 2009). In this study,
we have tested whether a similar heterogeneity of BRAF mutations
exists in primary melanomas.

MATERIALS AND METHODS

Tissues

The study was approved by the medical ethics committee of the
Shinshu University School of Medicine, and conducted according
to the Declaration of Helsinki Principles. Primary and metastatic
melanoma tissues were obtained from 17 patients. Case 17 was an
autopsy case. For excisions, all patients gave written informed
consent.

Cell line

A melanoma cell line (MMG1) established from a primary acral
melanoma was kindly provided by Professor Akifumi Yamamoto
(Saitama Medical Collage Cancer Center, Saitama, Japan). The cells
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were maintained in RPMI 1640 medium containing 10% fetal
bovine serum. Tyrosinase expression was confirmed by RT–PCR.
This cell line was tumourigenic in NOD/SCID mice. Passages of
4150 were used throughout this experiment. Although melanoma
cell lines frequently show copy number increase at chromosome 7q
where the BRAF gene resides (Tanami et al, 2004), array CGH
analysis of MMG1 revealed no copy number aberrations at 7q
(data not shown).

Immunomagnetic cell isolation

Fresh tissues of five primary melanomas (PM-1–5) were used for
isolation of pure melanoma cells by using an antibody cocktail of
human high-molecular-weight melanoma-associated antigen
(HMW-MAA) (a gift from Dr Soldano Ferrone, University of
Pittsburgh Cancer Institute) and immunomagnetic beads, as
described previously (Lin et al, 2009).

Microdissection and DNA extraction

Primary melanoma cells separated by immunomagnetic beads
and MMG1 cells were smeared on a film-coated glass slide
(Maiwafosis Co. Ltd, Osaka, Japan), stained with methylene blue
and subjected to laser-capture microdissection using a PALM-MB
microdissection system (PALM Microlaser Technologies,
Bernried, Germany). For the frozen tissues of primary and
metastatic melanoma, 6-mm-thick cryosections stained with
methylene blue were manually microdissected on an inverted
microscope to select the areas in which at least over 75% of cells
were tumour cells. For formalin-fixed paraffin-embedded tissues,
we carried out laser-capture microdissection to collect pure
tumour cell populations with the aid of gp100 immunostaining
using an antibody to gp100 (Zymed, San Francisco, CA, USA) and
the DAKO Envision System (DAKO Japan Co. Ltd, Kyoto, Japan).
DNA was extracted as described previously (Ichii-Nakato et al,
2006; Lin et al, 2009).

PCR for BRAF exon 15

Procured single-melanoma cell samples were amplified for exon 15
of the BRAF gene with a hemi-nested PCR (Lin et al, 2009). DNA
extracted from frozen or paraffin-embedded tissues was amplified
by a conventional PCR (Ichii-Nakato et al, 2006). The PCR
amplicons were purified using the QIAquick PCR purification kit
(Qiagen Inc., Tokyo, Japan).

Subcloning

The TA cloning was done with the TOPO XL PCR Cloning Kit
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. After incubation at 37 1C overnight, colonies were
picked up randomly from the plate, confirmed for correct
recombination by PCR and inoculated into 3ml of LB medium
containing 50 mgml�1 kanamycin. After incubation at 37 1C
overnight with vigorous shaking, the bacterial cells were harvested
and purified using the QIAprep Spin Miniprep kit (Qiagen Inc.).

Sequence analysis and identification of mutations

The purified PCR amplicons and recombinant plasmid DNA were
sequenced using the BigDye Terminator v3.1 cycle sequencing kit
(Applied Biosystems, Foster City, CA, USA) and analysed on an
ABI PRISM 3100 Genetic Analyzer (Applied Biosystems).

Mutector assay

DNA samples from primary melanomas were analysed for the
BRAFV600E mutation by a sensitive shifted termination assay using

the Mutector kit (TrimGen Corporation, Sparks, MD, USA)
following the manufacturer’s instructions (Ichii-Nakato et al,
2006).

RESULTS

To investigate whether primary melanoma cells are homogenous
or heterogeneous in terms of BRAF mutation, we first carried out
immunomagnetic isolation of single melanoma cells from five
fresh primary melanoma tissues using melanoma-specific human
HMW-MAA monoclonal antibodies followed by PCR and sequen-
cing, as previously described (Lin et al, 2009). High–molecular-
weight melanoma-associated antigen is known to be expressed in
490% of melanomas, although the frequency is somewhat lower
in acral melanomas (Campoli et al, 2004). Although HMW-MAA is
also expressed in skin cells within hair follicles and epidermal
basal cell layer, endothelial cells and pericytes (Campoli et al,
2004), we obtained virtually no cells from normal skin samples in
our previous control experiments using the same cocktail of
HMW-MAA-specific monoclonal antibodies (Lin et al, 2009).
Single melanoma cells were selectively captured by immuno-
magnetic beads and procured by laser-capture microdissection
(Supplementary Figure S1a). The tumours examined included
three acral melanomas and two melanomas on non-chronically
sun-damaged skin (Table 1). In four of the five primary
melanomas, although the majority of the cells were BRAF-wild
type, we observed a substantial number of melanoma cells
harbouring the V600E mutation. Furthermore, two primary
melanomas (cases 1 and 3) also contained tumour cells with other
BRAF mutations, such as K601R, V600M and V600-K601E, all of
which have been reported in melanoma (Garnett and Marais, 2004)
(Supplementary Figure S1b). The V600-K601E mutations was
shown to induce high BRAF kinase activity (Hou et al, 2007),
whereas the activity of the K601R and V600M mutations have not
been tested (Garnett and Marais, 2004). In one acral melanoma
(case 5) all the separated melanoma cells were wild type. A primary
melanoma cell line MMG1 also showed BRAF mutation hetero-
geneity (Table 1). Detection of the homozygous BRAFV600E

mutation in a few single cells was considered to be partly
due to the failure of PCR to amplify the wild-type allele, that is,
allele drop-out (ADO), which is a common problem in single-cell
PCR (Piyamongkol et al, 2003). Although some of the wild-type
sequences detected in this experiment may also be explained
by the ADO of mutant alleles, it is obvious that the large number of
wild-type sequences detected in melanoma tissues cannot
be explained by ADO alone. As for MMG1, the ratio of 10 : 1 for
wild-type BRAF and homozygous V600E mutation was signifi-
cantly uneven by the two-tailed binominal test (P¼ 0.012),
indicating that the result is unlikely to be due to ADO (the null
hypothesis here was that all the cells containing wild-type BRAF
and homozygous BRAF mutation were artifacts by ADO, on the
premise that the chance of ADO was the same for a mutant allele
and a wild-type allele). Contamination of non-melanoma cells by
non-specific binding to immunobeads was unlikely, because we
had previously tested and confirmed the specificity of immuno-
magnetic cell isolation using anti-HMW-MAA antibodies (Lin
et al, 2009). Thus, the results indicate that most primary
melanomas are polyclonal, consisting of BRAF-mutant, as well as
BRAF-wild-type tumour cells. BRAF mutation heterogeneity
observed in the primary melanoma cell line MMG1 strongly
supports this conclusion.
To further reveal the heterogeneity of BRAF mutations within

primary melanoma, we examined 10 tumours (one melanoma on
chronic sun-damaged skin, four melanomas on non-chronic sun-
damaged skin, two acral melanomas and three mucosal melano-
mas) by the sensitive Mutector assay detecting the BRAFV600E

mutation (TrimGen Corporation), as well as by cloning and
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sequencing of separated alleles (Table 2). We obtained relatively
pure tumour cell populations by manual microdissection or laser-
capture microdissection with the aid of gp100 immunostaining
(Supplementary Figure S1c). Conventional direct sequencing of
PCR products of BRAF exon 15 revealed that three tumours
harboured the V600E mutation, one tumour had the V600K
mutation, and the remaining six tumours were wild type. However,
the sensitivity of detecting heterozygous mutations in conventional
direct sequencing is rather low, as tested in our previous study
(Ichii-Nakato et al, 2006); the mutant peak is reliably discernable
only when heterozygous mutant cells comprised 420% of
samples. As expected, the more sensitive Mutector assay, which
can detect as little as 5% of heterozygous BRAFV600E mutation
(Ichii-Nakato et al, 2006), showed positive results in five tumours
that were wild type by direct sequencing. The result suggests that a
substantial number of primary tumours, labelled as BRAF-wild
type by conventional direct sequencing, actually contain a small
fraction of BRAFV600E cells. The tumour in case 6, which mostly
consisted of cells with the BRAFV600K mutation, may also contain a
small fraction of BRAFV600E cells, as the Mutector assay was
positive. To directly demonstrate such a small fraction of mutant
alleles, we cloned the PCR amplicons of BRAF exon 15 and
sequenced individual alleles. A total of 40 bacterial subclones were
sequenced for each sample. As expected, all the samples that
showed wild type by direct sequencing but positive for the
Mutector assay contained 2–7 BRAFV600E mutant alleles (Supple-
mentary Figure S1d). One BRAFV600E mutant allele was detected
in the tumour in case 6, while the V600K mutation prevailed in this
tumour. Two primary melanomas (cases 12 and 13) had minor

BRAF mutant alleles other than V600E, such as K601E and V600K.
These results further confirmed the heterogeneity of BRAF
mutations within primary melanomas.
To examine whether BRAF mutant alleles are selected for in

melanoma progression, we enumerated BRAF mutant alleles by
subcloning in three cases where the pairs of primary tumour and
recurrent primary tumour or metastases were available for
analyses (Table 3). RPM-10 was a recurrence of a primary tumour
PM-10 that developed 3 years later. Sequencing of bacterial
colonies showed an increase of BRAFV600E mutant alleles in the
recurrent tumour; this was reflected in the change in the results of
direct sequencing from wild type to the BRAFV600E mutation.
In case 16, V600-K601E alleles found in the primary tumour
increased in the lymph node metastasis. Case 17 was an autopsy
case. The primary tumour of this case (PM-17) was wild type for
BRAF by conventional sequencing. However, sequencing of as
many as 80 cloned PCR amplicons revealed a small fraction of
V600K mutant alleles, which were predominated in seven out of
nine metastases, each obtained from different anatomical sites.
These results strongly suggest the selection of BRAF mutant alleles
in melanoma progression, as reported by others (Dong et al, 2003;
Kirschner et al, 2005).

DISCUSSION

Since the discovery of frequent activating BRAF mutations in
melanoma (Davies et al, 2002), myriads of papers have published
reporting the detection of BRAF mutations in melanoma (reviewed

Table 1 Polyclonality of BRAF mutations in primary melanoma as revealed by single-cell PCR and sequencing

Sample no. Age (years) Sex
Type of

melanoma

No. of cells with
heterozygous

BRAF mutationsa

No. of cells with
homozygous

BRAF mutationsa
No. of cells with
wild-type BRAF

Total no. of
cells

PM-1 — F Acral 7 (V600E)+2 (K601R) 2 (V600E) 45 56
PM-2 21 F NCSD 14 (V600E) 3 (V600E) 31 48
PM-3 53 F NCSD 4 (V600E)+3 (V600M) 3 (V600E)+2(V600-K601E) 40 52
PM-4 85 F Acral 8 (V600E) 1 (V600E) 41 50
PM-5 47 F Acral 0 0 50 50
MMG1 — — Acral 29 (V600E) 1 (V600E) 10 40

Abbreviations: Acral¼ acral melanoma; MMG1¼ a cell line established from primary acral melanoma; NCSD¼melanoma on non-chronic sun-damaged skin; PM¼ primary
melanoma. aV600E, T1799A; K601R, A1802G; V600M, G1798A; V600-K601E ,TGA1799-1801del.

Table 2 Polyclonality of BRAF mutations in primary melanoma as revealed by the Mutector assay and subcloning

Subcloningc

Sample no.
Age

(years) Sex
Tumour

thickness (mm)
Type of
melanoma Tissuea

Direct
sequencing

Mutector
(OD ratio)b

No. of colonies
with mutant BRAF

No. of colonies
with wild-type BRAF

PM-6 85 M 13 CSD FFPE V600K Positive (8.9) 18 (V600K)+1 (V600E) 21
PM-7 57 M 4.8 NCSD FFPE Wild type Positive (9.04) 3 (V600E) 37
PM-8 68 F 4.1 NCSD FFPE Wild type Negative (0.53) 0 40
PM-9 29 F 4 NCSD Frozen V600E Positive (32.51) 20 (V600E) 20
PM-10 32 F 0.8 NCSD FFPE Wild type Positive (4.75) 2 (V600E) 38
PM-11 50 M 4.1 Acral FFPE Wild type Positive (14.47) 7 (V600E) 33
PM-12 69 F 3.5 Acral FFPE V600E Positive (27.34) 18 (V600E)+1 (V600K) 21
PM-13 77 F 1.5 Mucosal Frozen V600E Positive (31.69) 9 (V600E)+1 (K601E) 30
PM-14 74 F 30 Mucosal Frozen Wild type Positive (8.64) 2 (V600E) 38
PM-15 79 F 6 Mucosal FFPE Wild type Negative (0.17) 0 40

Abbreviations: Acral¼ acral melanoma; CSD¼melanoma on chronic sun-damaged skin; FFPE¼ formalin-fixed paraffin-embedded tissues; MMG1¼ a cell line established from
primary acral melanoma; Mucosal¼mucosal melanoma; NCSD¼melanoma on non-chronic sun-damaged skin; PM¼ primary melanoma. aAll the FFPE sections were stained
with gp100 protein, and pure tumour tissues were collected by laser microdissection. bOD ratio 42 were regarded as positive (Ichii-Nakato et al, 2006). cA total of 40 bacterial
colonies were sequenced for each sample. V600E, T1799A; V600K, GT1798-99AA; K601E, A1801G.
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in Hocker and Tsao, 2007). These include the landmark paper that
described marked difference of BRAF mutation frequencies in the
different types of melanoma; that is, B60% of melanomas on non-
chronic sun-damaged skin had BRAF mutations, whereas the
mutations were rather infrequent (11–23%) in melanomas on
chronic sun-damaged skin, mucosa and acral skin (Curtin et al,
2005). However, most of these previous studies utilised PCR and
direct sequencing in the mutation detection, which could not
reliably detect heterozygous BRAF mutations when the DNA
samples contained o20% of mutant cells (Ichii-Nakato et al, 2006;
Houben et al, 2008). Thus, it is possible that many melanomas
labelled as wild-type BRAF by direct sequencing may carry
mutations, albeit at low levels below the sensitivity of the method
(Greene et al, 2009). In this study, we employed three different
methods, including single-cell mutation analysis, shifted termina-
tion assay (Mutector) and subcloning, all of which were sensitive
enough to detect minor mutant alleles. We actually demonstrated a
small population of melanoma cells harbouring activating BRAF
mutations in a substantial number of tumours that were wild type
by direct sequencing. Most of the mutations found were V600E,
but several other mutations were also identified, such as V600K,
V600M, V600-K601E and K601E, all of which had been reported
previously in melanomas (Garnett and Marais, 2004). Thus, most
primary melanoma lesions so far examined consist of melanoma
cells that contained wild-type BRAF admixed with melanoma cells
that contained V600E and other BRAF mutations.
In vivo and in vitro experiments have shown that activating

BRAF mutations, such as V600E, stimulate constitutive cell
signalling, growth factor-independent proliferation and transfor-
mation of immortalised melanocytes (Hingorani et al, 2003;
Wellbrock et al, 2004; Hoeflich et al, 2006). Thus, it may be
surprising that melanoma cells acquiring activating BRAF muta-
tions constitute only a minor subpopulation of primary tumours
and do not outgrow BRAF-wild-type cells. One possible explana-
tion is that these cells with BRAF mutations undergo senescence,
as has been demonstrated in melanocytic nevus (Michaloglou et al,
2005; Gray-Schopfer et al, 2006). However, this is unlikely because
the minor population of melanoma cells with BRAF mutations
became predominant in a recurrent primary tumour or metastases
that developed in the same patients (Table 3). Furthermore, the
expression of IGFBP7, which induces senescence in melanocytes
acquiring the BRAFV600E mutation, was not observed in
BRAFV600E-positive melanoma tissues, whereas BRAFV600E-positive

nevi expressed high levels of IGFBP7 (Wajapeyee et al, 2008).
Another possibility is that RAS/RAF/MEK/ERK signalling is still
subject to regulation in melanoma cells even in the presence of
constitutively active BRAF. It has recently been shown that the
phospho-ERK staining was not correlated with the mutational
status of NRAS and/or BRAF in melanoma tissues, and that
cultured BRAF-mutant melanoma cells downregulated RAS/RAF/
MEK/ERK activation when cultured at high densities or under
non-adherent conditions (Houben et al, 2008).
The finding of the selection of mutant BRAF alleles in melanoma

progression appears to be significant in view of the recent
development of selective BRAFV600E kinase inhibitors (Sala et al,
2008; Tsai et al, 2008) that showed successful preliminary clinical
results (Flaherty et al, 2010). Although BRAF mutations are
thought to be rare in acral and mucosal melanomas (Curtin et al,
2005), primary tumours of these types of melanomas frequently
contain minor populations of BRAF-mutant clones, which are
likely to predominate in metastases. It is therefore crucial to
genotype metastatic tumours before administrating BRAFV600E-
selective drugs to identify patients who are likely to respond.
Finally, polyclonality of BRAF mutations in primary melanomas

indicates that BRAF mutation is not a founder event in
melanomagenesis. As has been recently shown in acute lympho-
cytic leukaemia (Greaves, 2009), it is speculated that precancerous
melanocytes already harbouring an unknown first hit may
subsequently acquire multiple driver mutations; thus, the acquisi-
tion of BRAF mutation might be one of these secondary events.
BRAF-wild-type clones present in primary tumours and metastases
are likely to contain mutations or copy number alterations
affecting genes other than BRAF, such as NRAS, KIT, cyclin D1,
PTEN and CDKN2A (Curtin et al, 2005, 2006). Future studies
examining mutation profiling on a single-cell level (Greaves, 2009)
would reveal a complex clonal evolution in melanoma develop-
ment and progression.
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RPM-10 Forearm FFPE V600E 7(V600E) 33
PM-16 53 F NCSD Neck Frozen V600�K601E 9(V600�K601E)+2(V600E) 30
MM-16 Cervical LN Frozen V600�K601E 27(V600-K601E) 13
PM-17 67 M NCSD Right shoulder Frozen Wild type 8(V600K)+1(K601E) 71
MM-17-1 Skin Frozen V600K 13(V600K) +1(K601E) +1(K601K) 15
MM-17-2 Right lung Frozen Wild type NE NE
MM-17-3 Small intestine Frozen V600K 14(V600K) 26
MM-17-4 Right chest wall Frozen V600K 15(V600K)+1(K601E) 54
MM-17-5 Pulmonary LN Frozen Wild type NE NE
MM-17-6 Supraclavicular LN Frozen V600K 9(V600K)+1(K601E) 30
MM-17-7 Infraclavicular LN Frozen V600K 22(V600K) 17
MM-17-8 Axillary LN Frozen V600K 12(V600K) 28
MM-17-9 Diaphragm Frozen V600K 11(V600K) 28

FFPE¼ formalin-fixed, paraffin-embedded tissue; LN¼ lymph node; MM¼metastasis; NCSD¼melanoma on non-chronic sun-damaged skin; NE¼ not examined; PM¼ primary
melanoma; RPM¼ recurrent primary melanoma. aV600E, T1799A; V600-K601E, TGA1799-1801del; V600K, GT1798-99AA; K601E, A1801G.

Polyclonal BRAF mutations in melanoma

J Lin et al

467

British Journal of Cancer (2011) 104(3), 464 – 468& 2011 Cancer Research UK

M
o
le
c
u
la
r
D
ia
g
n
o
st
ic
s



Research (15–10 and 21S-7 ) from the Ministry of Health, Labor,
and Welfare of Japan, and a Grant-in-Aid for Scientific Research
from the Japan Society for the Promotion of Science (20591318).
JL was a postgraduate student supported by the scholarship
from the Ministry of Education, Culture, Sports and Technology of
Japan.

Conflict of interest

The authors declare no conflict of interest.

Supplementary Information accompanies the paper on British
Journal of Cancer website (http://www.nature.com/bjc)

REFERENCES

Campoli MR, Chang CC, Kageshita T, Wang X, McCarthy JB, Ferrone S
(2004) Human high molecular weight-melanoma-associated antigen
(HMW-MAA): a melanoma cell surface chondroitin sulfate proteoglycan
(MSCP) with biological and clinical significance. Crit Rev Immunol 24:
267–296

Curtin JA, Busam K, Pinkel D, Bastian BC (2006) Somatic activation of KIT
in distinct subtypes of melanoma. J Clin Oncol 24: 4340–4346

Curtin JA, Fridlyand J, Kageshita T, Patel HN, Busam KJ, Kutzner H,
Cho KH, Aiba S, Brocker EB, LeBoit PE, Pinkel D, Bastian BC (2005)
Distinct sets of genetic alterations in melanoma. N Engl J Med 353:
2135–2147

Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, Teague J,
Woffendin H, Garnett MJ, Bottomley W, Davis N, Dicks E, Ewing R,
Floyd Y, Gray K, Hall S, Hawes R, Hughes J, Kosmidou V, Menzies A,
Mould C, Parker A, Stevens C, Watt S, Hooper S, Wilson R, Jayatilake H,
Gusterson BA, Cooper C, Shipley J, Hargrave D, Pritchard-Jones K,
Maitland N, Chenevix-Trench G, Riggins GJ, Bigner DD, Palmieri G,
Cossu A, Flanagan A, Nicholson A, Ho JW, Leung SY, Yuen ST,
Weber BL, Seigler HF, Darrow TL, Paterson H, Marais R, Marshall CJ,
Wooster R, Stratton MR, Futreal PA (2002) Mutations of the BRAF gene
in human cancer. Nature 417: 949–954

Dhomen N, Reis-Filho JS, da Rocha Dias S, Hayward R, Savage K,
Delmas V, Larue L, Pritchard C, Marais R (2009) Oncogenic Braf induces
melanocyte senescence and melanoma in mice. Cancer Cell 15: 294–303

Dong J, Phelps RG, Qiao R, Yao S, Benard O, Ronai Z, Aaronson SA (2003)
BRAF oncogenic mutations correlate with progression rather than
initiation of human melanoma. Cancer Res 63: 3883–3885

Flaherty KT, Puzanov I, Kim KB, Ribas A, McArthur GA, Sosman JA,
O’Dwyer PJ, Lee RJ, Grippo JF, Nolop K, Chapman PB (2010) Inhibition
of mutated, activated BRAF in metastatic melanoma. N Engl J Med 363:
809–819

Garnett MJ, Marais R (2004) Guilty as charged: B-RAF is a human
oncogene. Cancer Cell 6: 313–319

Gray-Schopfer V, Wellbrock C, Marais R (2007) Melanoma biology and new
targeted therapy. Nature 445: 851–857

Gray-Schopfer VC, Cheong SC, Chong H, Chow J, Moss T, Abdel-Malek ZA,
Marais R, Wynford-Thomas D, Bennett DC (2006) Cellular senescence in
naevi and immortalisation in melanoma: a role for p16? Br J Cancer 95:
496–505

Greaves M (2009) Darwin and evolutionary tales in leukemia. The
Ham-Wasserman lecture. Hematology Am Soc Hematol Educ Program
2009: 3–12

Greene VR, Johnson MM, Grimm EA, Ellerhorst JA (2009) Frequencies of
NRAS and BRAF mutations increase from the radial to the vertical
growth phase in cutaneous melanoma. J Invest Dermatol 129: 1483–1488

Hingorani SR, Jacobetz MA, Robertson GP, Herlyn M, Tuveson DA (2003)
Suppression of BRAF(V599E) in human melanoma abrogates transfor-
mation. Cancer Res 63: 5198–5202

Hocker T, Tsao H (2007) Ultraviolet radiation and melanoma: a systematic
review and analysis of reported sequence variants. Hum Mutat 28:
578–588

Hoeflich KP, Gray DC, Eby MT, Tien JY, Wong L, Bower J, Gogineni A,
Zha J, Cole MJ, Stern HM, Murray LJ, Davis DP, Seshagiri S (2006)
Oncogenic BRAF is required for tumor growth and maintenance in
melanoma models. Cancer Res 66: 999–1006

Hou P, Liu D, Xing M (2007) Functional characterization of the T1799–
1801del and A1799–1816ins BRAF mutations in papillary thyroid cancer.
Cell Cycle 6: 377–379

Houben R, Vetter-Kauczok CS, Ortmann S, Rapp UR, Broecker EB, Becker
JC (2008) Phospho-ERK staining is a poor indicator of the mutational
status of BRAF and NRAS in human melanoma. J Invest Dermatol 128:
2003–2012

Ichii-Nakato N, Takata M, Takayanagi S, Takashima S, Lin J, Murata H,
Fujimoto A, Hatta N, Saida T (2006) High frequency of BRAFV600E
mutation in acquired nevi and small congenital nevi, but low frequency
of mutation in medium-sized congenital nevi. J Invest Dermatol 126:
2111–2118

Kirschner M, Helmke B, Starz H, Benner A, Thome M, Deichmann M
(2005) Preponderance of the oncogenic V599E and V599K mutations in
the B-raf kinase domain is enhanced in melanoma lymph node
metastases. Melanoma Res 15: 427–434

Lin J, Takata M, Murata H, Goto Y, Kido K, Ferrone S, Saida T (2009)
Polyclonality of BRAF mutations in acquired melanocytic nevi. J Natl
Cancer Inst 101: 1423–1427

Michaloglou C, Vredeveld LC, Soengas MS, Denoyelle C, Kuilman T,
van der Horst CM, Majoor DM, Shay JW, Mooi WJ, Peeper DS (2005)
BRAFE600-associated senescence-like cell cycle arrest of human naevi.
Nature 436: 720–724

Piyamongkol W, Bermudez MG, Harper JC, Wells D (2003) Detailed
investigation of factors influencing amplification efficiency and allele
drop-out in single cell PCR: implications for preimplantation genetic
diagnosis. Mol Hum Reprod 9: 411–420

Pollock PM, Harper UL, Hansen KS, Yudt LM, Stark M, Robbins CM, Moses
TY, Hostetter G, Wagner U, Kakareka J, Salem G, Pohida T, Heenan P,
Duray P, Kallioniemi O, Hayward NK, Trent JM, Meltzer PS (2003) High
frequency of BRAF mutations in nevi. Nat Genet 33: 19–20

Sala E, Mologni L, Truffa S, Gaetano C, Bollag GE, Gambacorti-Passerini C
(2008) BRAF silencing by short hairpin RNA or chemical blockade by
PLX4032 leads to different responses in melanoma and thyroid
carcinoma cells. Mol Cancer Res 6: 751–759

Tanami H, Imoto I, Hirasawa A, Yuki Y, Sonoda I, Inoue J, Yasui K,
Misawa-Furihata A, Kawakami Y, Inazawa J (2004) Involvement of
overexpressed wild-type BRAF in the growth of malignant melanoma
cell lines. Oncogene 23: 8796–8804

Tsai J, Lee JT, Wang W, Zhang J, Cho H, Mamo S, Bremer R, Gillette S,
Kong J, Haass NK, Sproesser K, Li L, Smalley KS, Fong D, Zhu YL,
Marimuthu A, Nguyen H, Lam B, Liu J, Cheung I, Rice J, Suzuki Y,
Luu C, Settachatgul C, Shellooe R, Cantwell J, Kim SH, Schlessinger J,
Zhang KY, West BL, Powell B, Habets G, Zhang C, Ibrahim PN, Hirth P,
Artis DR, Herlyn M, Bollag G (2008) Discovery of a selective inhibitor of
oncogenic B-Raf kinase with potent antimelanoma activity. Proc Natl
Acad Sci USA 105: 3041–3046

Wajapeyee N, Serra RW, Zhu X, Mahalingam M, Green MR (2008)
Oncogenic BRAF induces senescence and apoptosis through pathways
mediated by the secreted protein IGFBP7. Cell 132: 363–374

Wellbrock C, Hurlstone A (2010) BRAF as therapeutic target in melanoma.
Biochem Pharmacol 80: 561–567

Wellbrock C, Ogilvie L, Hedley D, Karasarides M, Martin J, Niculescu-
Duvaz D, Springer CJ, Marais R (2004) V599EB-RAF is an oncogene in
melanocytes. Cancer Res 64: 2338–2342

Polyclonal BRAF mutations in melanoma

J Lin et al

468

British Journal of Cancer (2011) 104(3), 464 – 468 & 2011 Cancer Research UK

M
o
le
c
u
la
r
D
ia
g
n
o
stic

s

http://www.nature.com/bjc

	Polyclonality of BRAF mutations in primary melanoma and the selection of mutant alleles during progression
	Main
	Materials and methods
	Tissues
	Cell line
	Immunomagnetic cell isolation
	Microdissection and DNA extraction
	PCR for BRAF exon 15
	Subcloning
	Sequence analysis and identification of mutations
	Mutector assay

	Results
	Discussion
	Acknowledgements
	Note
	References




