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Abstract 

BRAFV600E comes as two main splicing variants. The well-studied ref isoform and the recently discovered X1 isoform 
are co-expressed in cancer cells and differ in terms of 3’UTR length and sequence, as well as C-term protein sequence. 
Here, we use a melanoma model in zebrafish to study the role played by each isoform in larval pigmentation, nevi 
formation, and their progression into melanoma tumours. We show that both BRAFV600E-ref and BRAFV600E-X1 pro-
teins promote larval pigmentation and nevi formation, while melanoma-free survival curves performed in adult fish 
indicate that BRAFV600E-ref protein is a much stronger melanoma driver that BRAFV600E-X1 protein. Crucially, we also 
show that the presence of the 3’UTR suppresses the effect of ref protein. Our data highlight the necessity to under-
take a systematic study of BRAFV600E isoforms, in order to uncover the full spectrum of their kinase-(in)dependent 
and coding-(in)dependent functions, hence to develop more informed strategies for therapeutic targeting.

Keywords  Zebrafish, Melanoma modeling, BRAFV600E-ref, BRAFV600E-X1, 3’UTR​

Dear Editor,

Melanoma originates from melanocytes and is respon-
sible for the highest mortality among skin cancers. As 
a result, significant research has been dedicated to its 
study, and zebrafish models recapitulating the most com-
mon genetic alterations have offered several notable con-
tributions to this field [1].

A specific characteristic of melanoma is the recurrent 
overactivation of the ERK pathway, most often because 
of the BRAFV600E mutation, which is now routinely tar-
geted by specific inhibitors approved for use by the FDA 
[2]. The BRAF gene is characterised by several splicing 
variants, and while some of them associated with drug 
resistance have been well investigated, comparatively 
little is known about their physiological regulation. Dif-
ferent protein isoforms may exhibit different biological 
properties, including catalytic capacity, subcellular locali-
zation, and protein–protein interaction. Similarly, dis-
tinct mRNA isoforms may gain unique binding sites for 
miRNAs and RNA-binding proteins. In short, investigat-
ing the landscape of BRAF isoforms may reveal kinase- 
and coding-(in)dependent functions that directly or 
indirectly affect melanoma onset, progression or escape 
from antineoplastic treatments.

We recently reported that irrespectively of its muta-
tional status human BRAF is expressed as a mix of ref, 
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X1 and X2 splicing variants. The reference (ref) iso-
form is composed of 18 exons. Exon 18 contains the 
STOP codon and a short 3’UTR (~ 100nt). The X1 
isoform is composed of a shorter version of exon 18, 
which is spliced with a downstream exon 19. This last 
exon contains the STOP codon and a very long 3’UTR 
(~ 7000nt). The X2 isoform lacks exon 18, with exon 17 
directly spliced with exon 19. Also in this case, exon 19 
contains the STOP codon, through a different frame, 
and the very long 3’UTR [3] (see also Additional file 1 : 
Fig. S1). These isoforms are always co-expressed in can-
cer cells, with X1 much more expressed than ref and 
X2 [3]. Interestingly, ref and X1 3’UTRs are subjected 
to post-transcriptional regulation by distinct groups 
of microRNAs and RBPs. They positively or negatively 
affect mRNA stability or translation, and, consequently, 
contribute to fine tune the output of MAPK signaling 
pathway [4–6]. In terms of proteins, ref and X1 differ 
at the C-terminal domain (ref: –GYG​AFPVH vs. X1: –
GYG​EFAAFK), are both endowed with kinase activity, 
and together account for the known oncogenic features 
displayed by BRAFV600E in melanoma cells [3, 7] (see 
also Additional file 1 : Fig. S1). Conversely, X2 protein 
is quite unstable and rapidly undergoes proteasome-
dependent degradation, due to the presence of K739 res-
idue in its C-terminal domain [3].

Here, we use a p53-mutated tumour-prone zebrafish 
line to compare the BRAFV600E-ref isoform with the 
BRAFV600E-X1 isoform. We found that BRAFV600E-
ref protein is a much stronger melanoma driver than 
BRAFV600E-X1 protein, but this difference is abolished 
in presence of the 3’UTR.

Currently, five annotated protein sequences are docu-
mented for BRAF and two of them are included in the 
consensus coding sequence database (CCDS): #220 
and #204. Comparing the most updated annotation 
with our own previous studies [3], we conclude that 
the ref isoform corresponds to #220 and the X1 iso-
form corresponds to #204, while X2 is not currently 
annotated in the CCDS. Current mRNA sequences are: 
NM_004333.6 and ENST00000646891.2 for BRAF-ref, 
NM_001354609.2 and ENST00000496384.7 for BRAF-
X1, and NM_001378468.1 for BRAF-X2.

To the best of our knowledge, all in vivo cancer mod-
els available so far make use of BRAFV600E-ref cds [1]. 
In particular, the expression of Myc-tagged BRAFV600E 
oncogene in the melanocytic lineage of zebrafish leads to 
the formation of nevi that progress to melanoma in case 
of p53 deficiency (Tg(mitfa:BRAFV600E-Myc);p53(lf ) 
line [8]). Building up on this, we have developed a model 
system that allows to compare BRAFV600E-ref versus 
X1 cds isoforms, as well as to investigate the contribu-
tion of the respective 3’UTRs. Specifically, we generated 
plasmids expressing ref or X1 cds, with or without their 
3’UTR (Fig.  1a, see also Additional files 2, 3, 4). As 
reported in [8], we used mitfa promoter to confine the 
expression of the oncogene in melanocytes. However, 
we avoided fusing the proteins’ C-terminal domain to a 
tag, as that would compromise our ability to discrimi-
nate their different functionalities. As far as 3’UTRs are 
concerned, their size was chosen based on our previous 
analysis: 121nt for ref and 7163nt for X1 [3]. Also, we 
relied on the expression of a cardiac eGFP reporter to 
screen for plasmid integration. Finally, plasmid cloning 

(See figure on next page.)
Fig. 1  Impact of BRAFV600E isoforms on melanomagesis in zebrafish. a Schematic representation of the plasmids that express human BRAFV600E 
isoforms (upper, coding sequence (ref cds, X1 cds, and X2 cds); lower, ref cds + 3’UTR, and X1 cds + 3’UTR) under the control of mitfa promoter (mitfa 
prom), and eGFP reporter (green) under the control of cardiac myl7 promoter (myl7 prom). Tol2: minimal elements of Tol2 transposon; pA: polyA tail. 
b Pigmentation pattern in larvae at 5dpf. Larvae that were injected at 1-cell stage with ref and X1 cds plasmids show increased number or abnormal 
appearance of pigmented spots. Left: lateral view; right: lateral zoom view. A 5dpf Tg(mitfa:mCherry,myl7:eGFP);p53(lf ) larva is shown as negative 
control (CTR mCh). Scale bars: 500 μm. c Representative examples of a juvenile fish with nevi (upper, red arrows), an adult fish with nevi (middle, red 
arrows), and an adult fish with a melanoma tumor (lower, red arrow). d Percentage of juvenile fish with a nevus. Nevi develop in higher percentage 
in juveniles injected with ref and X1 cds plasmids. Data are expressed as mean ± SEM. The number of juvenile fish per experimental condition (n) is 
reported in brackets. Differences were analyzed using Fisher’s exact test. e Percentage of adult fish with a nevus. Data are expressed as mean ± SEM. 
The number of adult fish per experimental condition (n) is reported in brackets. Differences were analyzed using Fisher’s exact test. No difference 
reaches statistical significance. f Size of nevi in adult fish (3 months of age). Adults injected with ref and X1 cds plasmids show nevi characterized by 
bigger area. Data are expressed as mean ± SEM. The number of adult fish per experimental condition (n) is reported in brackets. Differences were 
analyzed using Kruskal–Wallis (Dunn’s) test. g One-year long melanoma-free survival curves uncover ref cds as the most potent melanoma driver 
compared to X1 cds, ref cds + 3’UTR, and X1 cds + 3’UTR. The number of adult fish per experimental condition (n) is reported in brackets. Differences 
were analyzed using log-rank (Mantel-Cox) test. h, i Macro features of melanoma tumors developed in adults. h Tumors localization. i Presence of 
pigmentation. Melanotic tumors develop at higher percentage in fish injected with ref cds and ref cds + 3’UTR plasmids. The number of adult fish 
per experimental condition (n) is reported in brackets. Differences were analyzed using Fisher’s exact test. j Representative images of BRAFV600E 
immunohistochemistry staining (left) and Hematoxylin and Eosin staining (H&E, right) performed on melanoma tumors in adult fish. Black scale bar: 
500 μm; blue scale bar: 90 μm. k Western blot detection of BRAFV600E (left, upper), Mcm7 (left, lower) p-Erk 1/2 (right, upper) and Erk 2 (right, lower) 
in representative melanoma tumors excised from adult fish. Brain tissue is used as negative control (CTR–). The quantification of Mcm7 and p-Erk/
Erk ratio is reported at the bottom of the panels and is expressed as fold change over the negative control. Color coding: yellow: ref cds; green: X1 
cds; black: X2 cds; blue: ref cds + 3’UTR; purple: X1 cds + 3’UTR. Statistically significant differences are indicated with asterisks: *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001
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was performed using Tol2kit, so that the DNA portion 
of the plasmid located between Tol2 elements gets effec-
tively integrated in the zebrafish genome through Tol2-
mediated transgenesis.

Plasmids were co-injected with Transposase mRNA 
in 1-cell embryos of the p53-mutant and tumor-prone 
ZDB-ALT-050428-2 (p53(lf )) zebrafish line. At 24  h 
post fertilization (hpf) we selected successfully injected 

Fig. 1  (See legend on previous page.)
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embryos based on the presence of a green heart. We 
also validated the expression of all BRAFV600E iso-
forms, including coding sequence (cds)-only and coding 
sequence plus 3’UTR (cds + 3’UTR) transcripts (Addi-
tional file  1 : Fig.  S2a, b). mRNA levels were quantified 
at both 24hpf and 5  days post fertilization (dpf) (Addi-
tional file 1 : Fig. S2c, d). Interestingly, we noticed that X1 
cds + 3’UTR expression is much higher compared to ref 
cds + 3’UTR, in agreement with the data we reported on 
melanoma samples and cell lines [3].

We thus proceeded to the analysis of the biological 
consequences of BRAFV600E isoform overexpression. 
The mosaic condition exhibits altered pigmentation 
starting at the larval stage (5dpf). This phenotype is most 
apparent for recipients of the ref and X1 cds plasmids, 
while cds + 3’UTR recipients display a milder phenotype 
(Fig. 1b). Such trend is maintained at the juvenile stage, 
in terms of percentage of animals showing develop-
ment of a nevus (Fig. 1c, upper, d and Additional file 1 : 
Fig. S3a), and upon reaching adulthood, in terms of nevi 
size (Fig. 1c, middle, e, f and Additional file 1 : Fig. S3b). 
As expected, the X2 variant shows no impact at any stage 
of development. Reflecting the fact that nevi number and 
size are important clinical prognostic factors in human, 
we recorded melanoma-free survival curves at the adult 
stage over a 1-year observation period, focusing on the 
comparison between ref and X1. Strikingly, we found that 
ref cds is a much stronger melanoma driver than all the 
others (Fig.  1c, lower, g and Additional file  1 : Fig.  S4), 
without affecting the development of tumors across the 
fish body (Fig.  1h), but potentially enhancing the emer-
gence of melanotic tumors (Fig. 1i).

It remains to be elucidated how the few amino acids 
distinguishing BRAFV600E-ref and –X1 have no impact 
on nevi development (compare yellow and green in 
Fig. 1b, d–f), while they have such a dramatic impact on 
nevi transformation into melanoma (compare yellow and 
green lines in Fig. 1g). Major alterations in BRAFV600E 
protein levels or ability to activate ERK pathway can be 
excluded (Fig. 1j, k and Additional file 1 : Fig. S5). How-
ever, more detailed analyses in ad hoc experimental 
settings may reveal subtle differences in substrate prefer-
ences. Another possibility is that the different C-terminal 
domains exert kinase-independent functions, such as 
interactions with different sets of proteins and activation 
of different signaling pathways, or are engaged in differ-
ent regulatory mechanisms.

The milder effect exhibited by the cds + 3’UTR plas-
mids is likely because 3’UTRs are intrinsically devoted 
to regulation and tuning of gene expression [9]. Never-
theless, several puzzling issues remain: why the short ref 
3’UTR mildly affects nevi development (compare yellow 
and blue in Fig. 1b, d–f ), but has a dramatic impact on 

nevi transformation into melanoma, completely revers-
ing the effect of ref cds (compare yellow and blue lines 
in Fig. 1g)? Conversely, why the long X1 3’UTR severely 
delays nevi development (compare green and purple in 
Fig. 1b, d–f ), in spite of the fact that it ensures higher 
expression levels to X1 cds + 3’UTR mRNA (compare 
green and purple bars in Additional file 1 : Fig. S2c, d), 
and then it has a negligible impact on nevi transforma-
tion into melanoma (compare green and purple lines 
in Fig.  1g)? In general terms, we can speculate that 
the impact of the X1 3’UTR is mild, being the X1 cds a 
weak melanoma driver per se, while the ref 3’UTR con-
tributes to tame the strong oncogenicity of the ref cds. 
However, the mechanistic details underlying each bio-
logical outcome, in each phase of fish life, remain to be 
uncovered taking advantage of the more homogeneous 
genetic background provided by stable transgenic lines.

In summary, in this work we show that different cds 
and 3’UTR sequences of BRAFV600E differentially 
affect tumorigenesis in a zebrafish melanoma model. 
This experimental data urge to undertake a system-
atic analysis of BRAFV600E isoforms beyond the ref 
kinase, which so far has catalyzed the attention of the 
melanoma scientific community. Populating the field 
of kinase- and coding-(in)dependent functions of 
BRAFV600E isoforms can in turn prove instrumen-
tal to achieve a more informed, hence more effective, 
therapeutic targeting. Since ref and X1 isoforms are co-
expressed across cancer types, our data also suggests 
generating and testing appropriate constructs in other 
experimental models of (BRAFV600E-driven) can-
cer types. Finally, it highlights the necessity to include 
untranslated regions, as they can heavily modify the 
biological outcome.

Transcending the boundaries of cancer biology, our 
findings indicate that BRAF gene has evolved signifi-
cantly: the older X1 protein is present in the ancient 
vertebrate lamprey, while the younger ref protein 
appears in marsupials (wallaby) (Additional file  1 : 
Fig. S6). Alternative splicing is a key component of bio-
logical complexity, and it is gaining momentum for its 
role in adaptation and evolution [10]. Therefore, we 
need to understand how and when ref isoform origi-
nated. We also need to discover the specific functions 
it carries out and whether its low levels represent a fail-
safe mechanism, since it is so oncogenic when mutated.

Abbreviations
3’UTR​	� 3’ Untranslated region
cds	� Coding sequence
dpf	� Days post fertilization
FDA	� Food and drug administration
hpf	� Hours post fertilization
miRNA	� MicroRNA
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Supplementary Figure 1. Cartoon summarizing BRAF gene expression and functions.
The cartoon represents BRAF exons, as well as ref (yellow) and X1 (green) isoforms (mRNAs and proteins). In 
addition, the cartoon summarizes the functions possibly exerted by BRAF mRNA and protein isoforms, besides the 
well-known ability of BRAF kinase to phosphorylate MEK.
Exon 15, which encodes for the V600E mutation, is highlighted with an asterisk.
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Supplementary Figure 2. Expression levels of BRAFV600E isoforms in p53(lf) embryos and larvae.
(a-b) PCR analysis. (a) Cartoon summarizing the position of PCR primers (colored arrows) used to determine the correct 
expression of cds and 3’UTR sequences of BRAFV600E mRNA isoforms. Exons (ex) are not in scale. (b, upper) 
Representative results of the PCR performed at 24hpf on p53(lf) embryos. These embryos were injected at 1-cell stage with the 
indicated plasmids. Primer pairs used are color-coded as in a. L: 100bp DNA ladder. C+: actb1 exon-spanning primers are used 
as positive control. These primers amplify a 600bp band on cDNA and a 900bp band on genomic DNA. (b, lower) No PCR 
amplification, except for the positive control, are observed in uninjected p53(lf) embryos, ensuring the specificity of primer 
pairs for exogenous human BRAF over endogenous zebrafish Braf. 
(c-d) qRT-PCR analysis. qRT-PCR was performed at 24hpf (c) and at 5dpf (d) on p53(lf) embryos/larvae injected at 1-cell 
stage with the indicated plasmids. Tg(mitfa:mCherry,myl7:eGFP);p53(lf) embryos/larvae are used as negative control. Data are 
expressed as mean ± SEM. Differences were analyzed using one-way ANOVA (Tukey’s) test. Statistically significant 
differences are indicated with asterisks: **P<0.01, ****P<0.0001. qRT-PCR: quantitative Real Time Polymerase Chain 
Reaction; hpf: hours post fertilization; dpf: days post fertilization.
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Supplementary Figure 3. Representative nevi in juvenile and adult p53(lf) fish injected with the indicated plasmids.
(a) Representative nevi in juvenile fish. A fish injected with X2 cds construct is used as negative control. Scale bar: 0.5cm.
(b) Representative nevi (red arrows) in adult fish (3 months of age). An uninjected fish is used as negative control (CTR). Scale 
bar: 1cm. 
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Supplementary Figure 4. Representative melanoma tumors in adult p53(lf) fish injected with the indicated plasmids.
Tumors are indicated with red arrows. Scale bar: 1cm.
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Supplementary Figure 5. Protein loading and whole blots of the western blot presented in Fig.1k.



Supplementary Figure 6. Alignment of the 3’ end of BRAF cds and the C-terminal of BRAF protein.
(a) Alignment of the 3’ end of BRAF cds. Upper: alignment of ref (yellow underline) and X1 (green underline) sequence of human BRAF. Middle: 
alignment of human BRAF-ref (yellow underline; Homo sapiens Hsa) with elephant Braf (Loxodonta africana Laf) and wallaby Braf (Macropus eugenii 
Meu). Lower: alignment of human BRAF-X1 (green underline; Homo sapiens Hsa) with mouse Braf (Mus musculus Mus), zebrafish braf (Danio rerio 
Dar), and lamprey braf (Petromyzon marinus Pma). The boxes on the right highlight that DNA/RNA sequences are not conserved.
(b) Alignment of the C-terminal of BRAF protein. Upper: alignment of ref (yellow underline) and X1 (green underline) sequence of human BRAF. 
Middle: alignment of human BRAF-ref (yellow underline; Homo sapiens Hsa) with elephant BRAF (Loxodonta africana Laf) and wallaby BRAF 
(Macropus eugenii Meu). Lower: alignment of human BRAF-X1 (green underline) with mouse Braf (Mus musculus Mus), zebrafish Braf (Danio rerio 
Dar), and lamprey Braf (Petromyzon marinus Pma). The boxes on the right highlight the differences in protein sequence between human ref and X1 
isoforms, the conservation of ref protein isoform in mammals across wallaby, elephant and human, as well as the conservation of X1 protein isoform 
outside mammals and across lamprey, zebrafish, mouse, and human.

3’ end of BRAF cds 

C-terminal of BRAF protein  

a

b

Hsa ref-X1 comparison

Hsa/Laf/Meu ref comparison

Hsa/Mus/Dar/Pma X1 comparison

Hsa ref-X1 comparison

Hsa/Laf/Meu ref comparison

Hsa/Mus/Dar/Pma X1 comparison



Supplementary Figure 7. Phenotypical analysis.
(a) Representative example of a melanotic tumor (red arrow) in lateral (upper) and dorsal (lower) view. Scale bar: 
1cm. 
(b) Representative example of an amelanotic tumor (red arrow) in lateral (upper) and dorsal (lower) view. Scale bar: 
1cm. 

a b
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SUPPLEMENTARY METHODS 
Zebrafish husbandry 
The zebrafish facility at CNR-IFC has been authorized by the Italian Ministry of Health (authorization 
#297/2012-A, issued on December 21, 2012) and by the Municipality of Pisa (authorization #DN-
16/504, issued on June 7, 2013). Zebrafish (Danio rerio) experiments were carried out in accordance 
with the European Union guidelines for animal welfare [European Communities Council Directive of 
September 22, 2010 (2010/63/ UE)]. All experimental protocols were approved by the Italian Ministry 
of Health (authorization #383/2020-PR). Zebrafish were raised and maintained on a 14h/10h 
light/dark cycle at 28.5°C, in a zebrafish housing system (Tecniplast) under pH- and salinity-
controlled conditions. Embryos were obtained by natural spawning, were maintained in E3 medium 
(5mM NaCl, 0.17mM KCl, 0.33mM CaCl2, 0.33mM MgSO4, 10–5 % methylene blue), and were staged 
according to hours post fertilization (hpf) and morphologic criteria [1]. Embryos euthanasia was 
performed by hypothermia shock for at least 20 minutes, while adults were euthanized by exposure 
to excess of tricaine methanesulfonate (MS-222, #A5040, Sigma). 
 
Plasmid cloning  
The plasmids injected in zebrafish embryos are the following: 
pDEST(mitfa:-2.3Hsa.BRAF_V600E-220,myl7:eGFP) for the expression of BRAFV600E-ref cds; 
pDEST(mitfa:-2.3Hsa.BRAF_V600E-204,myl7:eGFP) for the expression of BRAFV600E-X1 cds;  
pDEST(mitfa:-2.3Hsa.BRAF_V600E-X2,myl7:eGFP) for the expression of BRAFV600E-X2 cds;  
pDEST(mitfa:-2.4Hsa.BRAF_V600E-220,myl7:eGFP) for the expression of BRAFV600E-ref 
cds+3’UTR;  
pDEST(mitfa:-9.4Hsa.BRAF_V600E-204,myl7:eGFP) for the expression of BRAFV600E-X1 
cds+3’UTR.  
They were generated using Tol2kit (http://tol2kit.genetics.utah.edu/index.php/Main_Page).  
In brief, the cds sequence of human BRAF isoforms carrying the activating V600E mutation was 
amplified by PCR from PIG-BRAFV600E-ref, X1, and X2 plasmids [2]; the ref 3’UTR sequence was 
amplified from pMIR-ref-3’UTR [3]; the X1 3’UTR sequence was amplified from pCW-X1-3’UTR 
plasmid. In turn, pCW-X1-3’UTR plasmid was obtained by PCR amplification of the X1 3’UTR from 
A375 genomic DNA using 7kb_X1_3UTR_Fw (SalI STOP) primer (5’ 
agcgtcgacTAGCCACCATCATGGCAG 3’) and 7kb_X1_3UTR_Rv (MluI) primer (5’ 
CAGACGCGTttctccatgcagtcaatcttta 3’), and subsequent cloning in the pCW backbone [3] using SalI 
and MluI restriction enzymes. All human BRAF sequences are listed in Supplementary material. 
PCR amplicons were then inserted into the multiple cloning site of pME-MCS plasmid (Tol2kit), using 
SalI-SpeI and SpeI-NotI restriction sites. To create pDEST plasmids, pME-BRAF plasmids were 
mixed with p5E-mitfa promoter plasmid (kind gift from Dr. Charles Kaufman, Washington University 
School of Medicine, St. Louis, USA), p3E-polyA plasmid (Tol2kit), and pDestTol2CG* backbone 
plasmid (Tol2kit), in presence of Gateway™ LR Clonase™ Enzyme (Thermo Fisher Scientific), as 
reported in [4].  
PCR reactions involved in cloning were performed using Phusion Flash High-Fidelity PCR Master 
Mix (Thermo Fisher Scientific) and the primers listed in Suppl. Table 1. PCR amplicons were run on 
a 0.8-2% agarose gel and extracted using QIAquick Gel Extraction Kit (Qiagen). Successful cloning 
was confirmed subjecting plasmids to Sanger sequencing (Eurofins Genomics). 
 
Plasmid microinjection in 1-cell stage zebrafish embryos 
Zebrafish of the p53(lf) strain (ZDB-ALT-050428-2) (kind gift from Dr. Francesco Argenton, 
Università di Padova) were bred and embryos were collected for microinjection. 25pg of plasmidic 
DNA and 25pg of Tol2 mRNA were coinjected into 1-cell stage embryos for the biggest plasmid 
(pDEST(mitfa:-9.4Hsa.BRAF_V600E-204,myl7:eGFP)). Following the calculation of molar 
concentration, equimolar amounts of the other pDEST plasmids were microinjected. After 
microinjection, embryos were maintained in E3 medium at 28.5°C. At 24-48hpf they were selected 
based on heart-specific green fluorescence, using MZ10F Leica stereomicroscope. Successfully 
injected embryos were then subjected to further analysis, as described below. 
 
Zebrafish imaging and phenotypic analysis 
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5dpf larvae were anesthetized and immersed in methylcellulose. Images were acquired using M80 
Leica stereomicroscope, equipped with a Nikon DS-Fi1 camera.  
Juvenile and adult fish were anesthetized, and images were acquired in water using M80 Leica 
stereomicroscope or ASUS Zenfone X00TD camera.  
Nevi were defined as flat, strongly pigmented clusters of melanocytes that disrupt the distinctive 
striping pattern [5] [6]. Quantification of nevus area was performed using ImageJ software 
(http://rsb.info.nih.gov). For each animal, pictures of the lateral (right and left) and dorsal positions 
were analyzed. The area of the nevi visible in each picture was measured with ImageJ. Then, the 
biggest area for each animal was included in the graph and subjected to statistical analysis.  
The transition from nevus to melanoma was detected as pigmentation intensification, which turns 
into skin thickening, accompanied by outward growth [7]. Melanoma tumors were defined as 
melanotic/amelanotic based on the presence/absence of pigmentation according to visual inspection 
(see Suppl. Fig.7 for an example). 
 
Melanoma-free survival curves 
Adult animals up to 50 weeks old were checked weekly for the presence of melanoma tumors and 
Kaplan-Meier curves for melanoma-free survival were created. 
 
Collection, RNA extraction and retrotranscription of embryos and larvae 
Embryos and larvae (at least 20 per experimental condition) were homogenized by insulin needle. 
Total RNA was extracted using QIAzol (Qiagen) following the manufacturer’s instructions, quantified 
using Nanodrop Lite (Thermo Fisher Scientific), verified on 2% agarose gel and reverse transcribed 
with the SuperScript III RT reaction kit (Thermo Fisher Scientific) following the manufacturer’s 
instructions. The successful retrotranscription and the absence of contaminating genomic DNA were 
routinely checked through a control PCR (PCR Master Mix, Thermo Fisher Scientific) in which the 
exon-spanning primers for actb1 mRNA are used.  
 
RT-PCR of embryos 
To detect the expression of BRAFV600E isoforms from pDEST plasmids (see above), GoTaq® G2 
Green Master Mix (PROMEGA) was used with 10ng of cDNA, 0.5µM primers and 58°C annealing 
temperature. The primers list is reported in Suppl. Table 1. 
 
qRT-PCR of embryos and larvae 
Quantitative analysis of BRAFV600E isoforms expression from pDEST plasmids (see above) was 
performed in triplicate with SSOADV Universal SYBR Green (Bio-Rad) in 15µl final reaction volume 
on a CFX96 Real-Time System (Bio-Rad). 37.5ng of cDNA, 0.5uM primers and 60°C annealing 
temperature were used. The primers list is reported in Suppl. Table 1. 
PCR efficiency and expression data were analyzed using CFX Manager Software (Bio-Rad). 
Relative expression of BRAFV600E isoforms was determined using the 2−ΔΔCt method and data were 
normalized using housekeeping genes (eef1a1l1, actb1) [3]. 
 
Collection and histological analysis of melanoma specimens 
Three weeks after tumor onset, fish were euthanized, then fixed in 4% PFA for 48h at 4°C, 
dehydrated through a series of graded ethanol baths, and finally embedded in paraffin. Transverse 
paraffin-embedded tissue sections (5µm) were used. Hematoxylin and Eosin (H&E) staining was 
carried out using standard methods. For immunohistochemistry (IHC) analysis, tissue sections were 
stained using standard whole-mount immunostaining protocol with Vectastain elite ABC kit (Vector 
Laboratories) and 1:50 mouse anti-BRAFV600E primary antibody (#ab228461, clone VE1, Abcam). 
 
Collection and western blot analysis of melanoma specimens 
Three weeks after tumor onset, fish were euthanized, and tumors were isolated. They were then 
homogenized with a pestle for 15-30 minutes, while kept on ice in 50-100uL of RIPA Buffer (50mM 
Tris HCl, 150mM NaCl, 0.5% NaDeoxicholate, 0.1% SDS, 1% NP40) supplemented with 1mM 
PMSF, 2mM Na orthovanadate, and cOmplete™ Protease Inhibitor (Roche). The mixture was 
centrifuged at 14000rpm for 30min at 4°C and the supernatant was quantified using BCA reagent 
(#23227, Thermo Fisher Scientific) at 590nm. 30µg of proteins were combined with 4X loading buffer 

http://rsb.info.nih.gov/
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(Bio-Rad), heated at 95°C for 5min, and loaded on a 4-15% SDS-polyacrylamide gel (Mini-
PROTEAN Precast gel, BioRad) along with a molecular weight marker (Bio-Rad). Proteins were then 
electrotransferred to a polyvinylidene difluoride (PVDF) membrane using Trans-Blot Turbo system 
(Bio-Rad). Membranes were blocked at room temperature for 1h using 5% milk in TBST. They were 
then incubated overnight at 4°C with the following primary antibodies:  
-mouse anti-BRAFV600E VE1 antibody ((#ab228461, clone VE1, Abcam; 1:400 dilution in 1% BSA 
in TBST);  
-mouse anti-MCM7 monoclonal antibody (#sc-9966, clone 141.2, Santa Cruz Biotechnology; 1:200 
dilution in 1% BSA in TBST);  
-mouse anti-p-ERK 1/2 monoclonal antibody (#sc-7383, clone E-4, Santa Cruz Biotechnology; 1:500 
dilution in 3% BSA in TBST);  
-mouse anti-ERK 2 polyclonal antibody (#sc-1647, clone D-2, Santa Cruz Biotechnology; 1:500 
dilution in 3% BSA in TBST). 
Blots were washed 4 x 5min in TBST and incubated for 1h with the appropriate secondary antibody 
(1:3000 dilution in 5% milk in TBST). Blots were again washed 4 x 5min in TBST and developed 
using Clarity Western ECL blotting substrate (Bio-Rad). Finally, bands were detected using 
ChemiDoc imaging system (Bio-Rad). Membrane stripping was performed using Restore™ Western 
Blot Stripping Buffer (#21059, Thermo Fisher Scientific).  
 
Statistical analyses 
Data were analyzed according to their normality using parametric or non-parametric tests. qRT-PCR 
data were analyzed using one-way ANOVA (Tukey’s) test. Nevus percentage and tumor macro-
features were analyzed using Fisher’s exact test. Nevus size was analyzed using Kruskal-Wallis 
(Dunn’s) test. Kaplan-Meier curves were analyzed using log-rank (Mantel-Cox) test. When 
appropriate, data are expressed as mean ± SEM (standard error of the mean). p < 0.05 was taken 
as a minimum level of significance. To account for biological and technical variability, at least 2 
independent biological replicates were performed for each experiment. The total number of juvenile 
or adult fish studied for each experimental condition is reported in each graph. 
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SUPPLEMENTARY MATERIAL. Sequence of ref cds, X1 cds, X2 cds, ref 3’UTR, X1 3’UTR. 
 

Sequence 5’ → 3’ 
hBRAF-ref cds  
(NM_004333.6) 

ATGGCGGCGCTGAGCGGTGGCGGTGGTGGCGGCGCGGAGCCGG
GCCAGGCTCTGTTCAACGGGGACATGGAGCCCGAGGCCGGCGCC
GGCGCCGGCGCCGCGGCCTCTTCGGCTGCGGACCCTGCCATTCC
GGAGGAGGTGTGGAATATCAAACAAATGATTAAGTTGACACAGGAA
CATATAGAGGCCCTATTGGACAAATTTGGTGGGGAGCATAATCCAC
CATCAATATATCTGGAGGCCTATGAAGAATACACCAGCAAGCTAGA
TGCACTCCAACAAAGAGAACAACAGTTATTGGAATCTCTGGGGAAC
GGAACTGATTTTTCTGTTTCTAGCTCTGCATCAATGGATACCGTTAC
ATCTTCTTCCTCTTCTAGCCTTTCAGTGCTACCTTCATCTCTTTCAGT
TTTTCAAAATCCCACAGATGTGGCACGGAGCAACCCCAAGTCACCA
CAAAAACCTATCGTTAGAGTCTTCCTGCCCAACAAACAGAGGACAG
TGGTACCTGCAAGGTGTGGAGTTACAGTCCGAGACAGTCTAAAGAA
AGCACTGATGATGAGAGGTCTAATCCCAGAGTGCTGTGCTGTTTAC
AGAATTCAGGATGGAGAGAAGAAACCAATTGGTTGGGACACTGATA
TTTCCTGGCTTACTGGAGAAGAATTGCATGTGGAAGTGTTGGAGAA
TGTTCCACTTACAACACACAACTTTGTACGAAAAACGTTTTTCACCT
TAGCATTTTGTGACTTTTGTCGAAAGCTGCTTTTCCAGGGTTTCCGC
TGTCAAACATGTGGTTATAAATTTCACCAGCGTTGTAGTACAGAAGT
TCCACTGATGTGTGTTAATTATGACCAACTTGATTTGCTGTTTGTCT
CCAAGTTCTTTGAACACCACCCAATACCACAGGAAGAGGCGTCCTT
AGCAGAGACTGCCCTAACATCTGGATCATCCCCTTCCGCACCCGC
CTCGGACTCTATTGGGCCCCAAATTCTCACCAGTCCGTCTCCTTCA
AAATCCATTCCAATTCCACAGCCCTTCCGACCAGCAGATGAAGATC
ATCGAAATCAATTTGGGCAACGAGACCGATCCTCATCAGCTCCCAA
TGTGCATATAAACACAATAGAACCTGTCAATATTGATGACTTGATTA
GAGACCAAGGATTTCGTGGTGATGGAGGATCAACCACAGGTTTGTC
TGCTACCCCCCCTGCCTCATTACCTGGCTCACTAACTAACGTGAAA
GCCTTACAGAAATCTCCAGGACCTCAGCGAGAAAGGAAGTCATCTT
CATCCTCAGAAGACAGGAATCGAATGAAAACACTTGGTAGACGGGA
CTCGAGTGATGATTGGGAGATTCCTGATGGGCAGATTACAGTGGG
ACAAAGAATTGGATCTGGATCATTTGGAACAGTCTACAAGGGAAAG
TGGCATGGTGATGTGGCAGTGAAAATGTTGAATGTGACAGCACCTA
CACCTCAGCAGTTACAAGCCTTCAAAAATGAAGTAGGAGTACTCAG
GAAAACACGACATGTGAATATCCTACTCTTCATGGGCTATTCCACAA
AGCCACAACTGGCTATTGTTACCCAGTGGTGTGAGGGCTCCAGCTT
GTATCACCATCTCCATATCATTGAGACCAAATTTGAGATGATCAAAC
TTATAGATATTGCACGACAGACTGCACAGGGCATGGATTACTTACA
CGCCAAGTCAATCATCCACAGAGACCTCAAGAGTAATAATATATTTC
TTCATGAAGACCTCACAGTAAAAATAGGTGATTTTGGTCTAGCTACA
GTGAAATCTCGATGGAGTGGGTCCCATCAGTTTGAACAGTTGTCTG
GATCCATTTTGTGGATGGCACCAGAAGTCATCAGAATGCAAGATAA
AAATCCATACAGCTTTCAGTCAGATGTATATGCATTTGGGATTGTTC
TGTATGAATTGATGACTGGACAGTTACCTTATTCAAACATCAACAAC
AGGGACCAGATAATTTTTATGGTGGGACGAGGATACCTGTCTCCAG
ATCTCAGTAAGGTACGGAGTAACTGTCCAAAAGCCATGAAGAGATT
AATGGCAGAGTGCCTCAAAAAGAAAAGAGATGAGAGACCACTCTTT
CCCCAAATTCTCGCCTCTATTGAGCTGCTGGCCCGCTCATTGCCAA
AAATTCACCGCAGTGCATCAGAACCCTCCTTGAATCGGGCTGGTTT
CCAAACAGAGGATTTTAGTCTATATGCTTGTGCTTCTCCAAAAACAC
CCATCCAGGCAGGGGGATATGGTGCGTTTCCTGTCCACTGA 

hBRAF-X1 cds  

(NM_001354609.2) 
ATGGCGGCGCTGAGCGGTGGCGGTGGTGGCGGCGCGGAGCCGG
GCCAGGCTCTGTTCAACGGGGACATGGAGCCCGAGGCCGGCGCC
GGCGCCGGCGCCGCGGCCTCTTCGGCTGCGGACCCTGCCATTCC
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GGAGGAGGTGTGGAATATCAAACAAATGATTAAGTTGACACAGGAA
CATATAGAGGCCCTATTGGACAAATTTGGTGGGGAGCATAATCCAC
CATCAATATATCTGGAGGCCTATGAAGAATACACCAGCAAGCTAGA
TGCACTCCAACAAAGAGAACAACAGTTATTGGAATCTCTGGGGAAC
GGAACTGATTTTTCTGTTTCTAGCTCTGCATCAATGGATACCGTTAC
ATCTTCTTCCTCTTCTAGCCTTTCAGTGCTACCTTCATCTCTTTCAGT
TTTTCAAAATCCCACAGATGTGGCACGGAGCAACCCCAAGTCACCA
CAAAAACCTATCGTTAGAGTCTTCCTGCCCAACAAACAGAGGACAG
TGGTACCTGCAAGGTGTGGAGTTACAGTCCGAGACAGTCTAAAGAA
AGCACTGATGATGAGAGGTCTAATCCCAGAGTGCTGTGCTGTTTAC
AGAATTCAGGATGGAGAGAAGAAACCAATTGGTTGGGACACTGATA
TTTCCTGGCTTACTGGAGAAGAATTGCATGTGGAAGTGTTGGAGAA
TGTTCCACTTACAACACACAACTTTGTACGAAAAACGTTTTTCACCT
TAGCATTTTGTGACTTTTGTCGAAAGCTGCTTTTCCAGGGTTTCCGC
TGTCAAACATGTGGTTATAAATTTCACCAGCGTTGTAGTACAGAAGT
TCCACTGATGTGTGTTAATTATGACCAACTTGATTTGCTGTTTGTCT
CCAAGTTCTTTGAACACCACCCAATACCACAGGAAGAGGCGTCCTT
AGCAGAGACTGCCCTAACATCTGGATCATCCCCTTCCGCACCCGC
CTCGGACTCTATTGGGCCCCAAATTCTCACCAGTCCGTCTCCTTCA
AAATCCATTCCAATTCCACAGCCCTTCCGACCAGCAGATGAAGATC
ATCGAAATCAATTTGGGCAACGAGACCGATCCTCATCAGCTCCCAA
TGTGCATATAAACACAATAGAACCTGTCAATATTGATGACTTGATTA
GAGACCAAGGATTTCGTGGTGATGGAGGATCAACCACAGGTTTGTC
TGCTACCCCCCCTGCCTCATTACCTGGCTCACTAACTAACGTGAAA
GCCTTACAGAAATCTCCAGGACCTCAGCGAGAAAGGAAGTCATCTT
CATCCTCAGAAGACAGGAATCGAATGAAAACACTTGGTAGACGGGA
CTCGAGTGATGATTGGGAGATTCCTGATGGGCAGATTACAGTGGG
ACAAAGAATTGGATCTGGATCATTTGGAACAGTCTACAAGGGAAAG
TGGCATGGTGATGTGGCAGTGAAAATGTTGAATGTGACAGCACCTA
CACCTCAGCAGTTACAAGCCTTCAAAAATGAAGTAGGAGTACTCAG
GAAAACACGACATGTGAATATCCTACTCTTCATGGGCTATTCCACAA
AGCCACAACTGGCTATTGTTACCCAGTGGTGTGAGGGCTCCAGCTT
GTATCACCATCTCCATATCATTGAGACCAAATTTGAGATGATCAAAC
TTATAGATATTGCACGACAGACTGCACAGGGCATGGATTACTTACA
CGCCAAGTCAATCATCCACAGAGACCTCAAGAGTAATAATATATTTC
TTCATGAAGACCTCACAGTAAAAATAGGTGATTTTGGTCTAGCTACA
GAGAAATCTCGATGGAGTGGGTCCCATCAGTTTGAACAGTTGTCTG
GATCCATTTTGTGGATGGCACCAGAAGTCATCAGAATGCAAGATAA
AAATCCATACAGCTTTCAGTCAGATGTATATGCATTTGGGATTGTTC
TGTATGAATTGATGACTGGACAGTTACCTTATTCAAACATCAACAAC
AGGGACCAGATAATTTTTATGGTGGGACGAGGATACCTGTCTCCAG
ATCTCAGTAAGGTACGGAGTAACTGTCCAAAAGCCATGAAGAGATT
AATGGCAGAGTGCCTCAAAAAGAAAAGAGATGAGAGACCACTCTTT
CCCCAAATTCTCGCCTCTATTGAGCTGCTGGCCCGCTCATTGCCAA
AAATTCACCGCAGTGCATCAGAACCCTCCTTGAATCGGGCTGGTTT
CCAAACAGAGGATTTTAGTCTATATGCTTGTGCTTCTCCAAAAACAC
CCATCCAGGCAGGGGGATATGGAGAATTTGCAGCCTTCAAGTAG 

hBRAF-X2 cds  

(NM_001378468.1) 
ATGGCGGCGCTGAGCGGTGGCGGTGGTGGCGGCGCGGAGCCGG
GCCAGGCTCTGTTCAACGGGGACATGGAGCCCGAGGCCGGCGCC
GGCGCCGGCGCCGCGGCCTCTTCGGCTGCGGACCCTGCCATTCC
GGAGGAGGTGTGGAATATCAAACAAATGATTAAGTTGACACAGGAA
CATATAGAGGCCCTATTGGACAAATTTGGTGGGGAGCATAATCCAC
CATCAATATATCTGGAGGCCTATGAAGAATACACCAGCAAGCTAGA
TGCACTCCAACAAAGAGAACAACAGTTATTGGAATCTCTGGGGAAC
GGAACTGATTTTTCTGTTTCTAGCTCTGCATCAATGGATACCGTTAC
ATCTTCTTCCTCTTCTAGCCTTTCAGTGCTACCTTCATCTCTTTCAGT
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TTTTCAAAATCCCACAGATGTGGCACGGAGCAACCCCAAGTCACCA
CAAAAACCTATCGTTAGAGTCTTCCTGCCCAACAAACAGAGGACAG
TGGTACCTGCAAGGTGTGGAGTTACAGTCCGAGACAGTCTAAAGAA
AGCACTGATGATGAGAGGTCTAATCCCAGAGTGCTGTGCTGTTTAC
AGAATTCAGGATGGAGAGAAGAAACCAATTGGTTGGGACACTGATA
TTTCCTGGCTTACTGGAGAAGAATTGCATGTGGAAGTGTTGGAGAA
TGTTCCACTTACAACACACAACTTTGTACGAAAAACGTTTTTCACCT
TAGCATTTTGTGACTTTTGTCGAAAGCTGCTTTTCCAGGGTTTCCGC
TGTCAAACATGTGGTTATAAATTTCACCAGCGTTGTAGTACAGAAGT
TCCACTGATGTGTGTTAATTATGACCAACTTGATTTGCTGTTTGTCT
CCAAGTTCTTTGAACACCACCCAATACCACAGGAAGAGGCGTCCTT
AGCAGAGACTGCCCTAACATCTGGATCATCCCCTTCCGCACCCGC
CTCGGACTCTATTGGGCCCCAAATTCTCACCAGTCCGTCTCCTTCA
AAATCCATTCCAATTCCACAGCCCTTCCGACCAGCAGATGAAGATC
ATCGAAATCAATTTGGGCAACGAGACCGATCCTCATCAGCTCCCAA
TGTGCATATAAACACAATAGAACCTGTCAATATTGATGACTTGATTA
GAGACCAAGGATTTCGTGGTGATGGAGGATCAACCACAGGTTTGTC
TGCTACCCCCCCTGCCTCATTACCTGGCTCACTAACTAACGTGAAA
GCCTTACAGAAATCTCCAGGACCTCAGCGAGAAAGGAAGTCATCTT
CATCCTCAGAAGACAGGAATCGAATGAAAACACTTGGTAGACGGGA
CTCGAGTGATGATTGGGAGATTCCTGATGGGCAGATTACAGTGGG
ACAAAGAATTGGATCTGGATCATTTGGAACAGTCTACAAGGGAAAG
TGGCATGGTGATGTGGCAGTGAAAATGTTGAATGTGACAGCACCTA
CACCTCAGCAGTTACAAGCCTTCAAAAATGAAGTAGGAGTACTCAG
GAAAACACGACATGTGAATATCCTACTCTTCATGGGCTATTCCACAA
AGCCACAACTGGCTATTGTTACCCAGTGGTGTGAGGGCTCCAGCTT
GTATCACCATCTCCATATCATTGAGACCAAATTTGAGATGATCAAAC
TTATAGATATTGCACGACAGACTGCACAGGGCATGGATTACTTACA
CGCCAAGTCAATCATCCACAGAGACCTCAAGAGTAATAATATATTTC
TTCATGAAGACCTCACAGTAAAAATAGGTGATTTTGGTCTAGCTACA
GTGAAATCTCGATGGAGTGGGTCCCATCAGTTTGAACAGTTGTCTG
GATCCATTTTGTGGATGGCACCAGAAGTCATCAGAATGCAAGATAA
AAATCCATACAGCTTTCAGTCAGATGTATATGCATTTGGAATTGTTC
TGTATGAATTGATGACTGGACAGTTACCTTATTCAAACATCAACAAC
AGGGACCAGATAATTTTTATGGTGGGACGAGGATACCTGTCTCCAG
ATCTCAGTAAGGTACGGAGTAACTGTCCAAAAGCCATGAAGAGATT
AATGGCAGAGTGCCTCAAAAAGAAAAGAGATGAGAGACCACTCTTT
CCCCAAGAGAATTTGCAGCCTTCAAGTAGCCACCATCATGGCAGCA
TCTGCTCTTATTTCTTAAGTCTTGTGTTCGTACAATTTGTTAACATCA
AAACACAGTTCTGTTCCTCAAATCTTTTTTTAAAGATACAAAATTTCC
AATGCATAAGCTGA 

hBRAF-ref 3’UTR 

(NM_004333.6) 
aacaaatgagtgagagagttcaggagagtagcaacaaaaggaaaataaatgaacatatgtttgc
ttatatgttaaattgaataaaatactctctttttttttaaggtgaaccaaagaa 

hBRAF-X1 3’UTR 

(NM_001354609.2) 
ccaccatcatggcagcatctgctcttatttcttaagtcttgtgttcgtacaatttgttaacatcaaaacaca
gttctgttcctcaaatctttttttaaagatacaaaatttccaatgcataagctgatgtggaacagaatgg
aatttcccatccaacaaaagaggaaagaatgttttaggaaccagaattctctgctgccagtgtttcttc
aacaaaaataccacgagcatacaagtctgcccagtcccaggaagaaagaggagagaccctga
attctgaccttttgatggtcaggcatgatggaaagaaactgctgctacagcttgggagatttgctatgg
aaagtctgccagtcaactttgcccttctaaccaccagatcaatttgtggctgatcatctgatggggcag
tttcaatcaccaagcatcgttctctttcctgttctggaattttgttttggagctctttcccctagtgaccacca
gttagtttctgagggatggaacaaaaatgcagcttgccctttctatgtggtgcgtgttcaggccttgaca
gattttatcaaaaggaaactattttatttaaatggaggctgagtggtgagtagatgtgtcttggtatgga
ggaaaagggcatgctgcatcttcttcctgacctccggggtctctggccttttgtttccttgctcactgagg
ggtctgtctaaccaagcaggctagatagtgctggcacacattgccttctttctcattgggtccagcaat
gaagataagtgtttgggttttttttttttcctccacaatgtagcaaattctcaggaaatacagtttatatcttc
ctcctatgctcttccagtcaccaactacttatgcggctactttgtccagggcacaaaatgccgtggcag
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tatctaactaaacccccacaaaactgcttaataacagttttgaatgtgagaaatttagataatttaaat
ataaggtacaggttttaatttctgagtttcttcttttctatttttattaaaaagaaaataattttcagatttaatt
gaattggaaaaaaacaatacttcccaccagaattatatatcctgaaaattgtatttttgttatataaaca
acttttaagaaagatcattatccttttctctacctaaatatgaggagtcttagcataatgacaaatatttat
aatttttcaattaatggtacttgctggatccacactaacatctttgctaataatctcattgtttcttccaactg
attcctaacactatatcccacatcttctttctagtcttttatctagaatatgcaacctaaaataaaaatggt
ggcgtctccattcattctccttcttccttttttcccaagcctggtcttcaaaaggttgggcaatttggcagct
gaattcccagacagagaatagagcaattttagggatattaggactgagggagggtgtgggaaagc
tgtcatcagttgtttttatagaaagaactggcattcattaagaacctaaatcttatctttgcacaaatgga
aaatataacctagttatagcttcctttggcctttattaaagggtaatatcaatcacagtcatagcaaaga
aagcggatgtattaatggcaaattaatggaaaacctcccttatcaggaatctagactcagaatttag
gaacacaaatcaaatcagaccaaccaagctatagccaaggacttgaaagaaattaaacaagac
ccagaataaatcaaggaattagaaattgttatttaaaaatttcagattgtaactccaggccctgctgtct
atattgcagccactaaaagctcactaccattagatttttgctaacatacatgtattcagaagaaagcct
attgaaattttcattgtcttgtaaaaggttgtcctagtaaaatggaaaagatccttaagttattaatcagttt
gaaaagcaaatttgtttttaagttttacatcagcagggcagtgtcttacaaaattcagaaattgcaaag
gtggaaataattcacgctgatttgaagaacatcttctgtgcaataatactgcctctcttgaaaagcattg
gctgttttttctttttaaatatatctctagatgcttttaaatgtggctgtgttccctttaccaagattggcttcaa
gtttccgcaggtagagagacctgggcttgaacaagaggatgtgtttcatgtcctgctgaggaggtag
aacatgtgcagcctgggtccgggactgcctccgtggggcaggggcaggggcggtaccattaggg
aggaagcttagcatttcagtttcttaaacaatattcagggtgatacactttttcttcccttgcattttagaat
aggctggtatctcatttgaacgggggagcagacttgatctcaaatgaagctgtgcccaggagccag
gcttagcatattgagatttttatagataccttaaaaaataaaatatttaaacctctcttttcttcctttttctatg
aaataggttttttctctagtttacaaatgacatgaaaataggttttatttgtgttttatctgctttattttttgatgc
ttagacaacagttagacttactgagctcctaaaaaaacgaggaagaagtccttatttgtgaaaagc
actttatgagtaattgtatagacagtatgtggctgcgtcactgatcatcttgtaagggtgtaacagtcttg
tctgtaaagtggctgcagtgccttctgtagtgtgttttatttttggtagggagaggtgaagccttctgaaa
aatttgagagcaactacagaggattgtttgtaactgtgtagtattcctgatggacttttttcatcgttagag
tcaaggacctagacttttgccactgaaataatattgaccaaaaaaatagtttataaaagggatttgtg
aatagaaaattcagtgtgatcatttgttgttaatgtgcaccttaaaagaagattctgtctagctgtcaaat
tctggttcccgaatatctcacccctgattgtatttgagatctagtagggcatactggggcattttagaag
ataaaatcccatacaaatgatatatgctatatttatgttggtgttggagaagaaagagcagtatataa
agaaataattcaagactgcagcactgtcaacctgaaactttgtaaatatttcctagcttctggtttggtg
cggtgacagcactttcatcacaggatgttaccttgtattcaccaggcggagtgcgagctgctgcacat
cctcctcagatctcacctgtccccactgtacatccacccgccagctgcttgcaaacctcatctctagct
ttagttcgaaaccacattgcagggttcaggtgacctctacaaaaaactacctcttcagaatgaggta
atgaatagttatttattttaaaatatgaaaagtcaggagctctagaacatgacgatgatttaagatttta
acttttttgtgtacttgtatttgagcactctcattttgtcctaaagggcattatacatttaagcagtaatactgt
aaaaaaatgtgttgctcggaatatctgaatgttgttgaaagtggtgccagaaccggtttaggggtacg
tttcagaatcttaaccttgagtcaattgcatgaaattaaatagctgtggtatcacttcactaacagtgatg
taattttaattttcagtaggcttggcatgacagtacatcctcataatgagtttgctgcagctttgtcacatg
cacaggcattcatagaaagaccacccagctaagagggtagaatgattactctttttgcaagattctct
tctttgtccaagttggcattgttagtgctaggaataccagcaccttgagacgagcagattccaaccatt
aggctataaacaccatagccagagatggaaggtttactgtgagtatgaacagcaaatagcttaca
ggtcatgagttgaaatggtgtaggtgaggctctagaaaaataccttgacaatttgccaaatgatctta
ctgtgccttcatgatgcaataaaaaagctaacattttagcagaaatcagtgatttgtgaagagagca
gccactctggtttaactcagctgtgttaataatttttagagtgcaatttagactgcataggtaaatgcact
aaagagtttatagccaaaatcacatttaacaatgagaaaacacacaggtaaattttcagtgaacaa
aattatttttttaaagcacataatccctagtatagtcagatatatttatcacatagagcaactaggttgca
aatatagttcagtgacatttctagagaaactttttctactcccataggctcttcaaagcatggaacttttat
acaacagaaatgttgacagaaattgctgtagtttagggttgaagtactgtatgatgggcagcaatcat
gtattaacttagaaggggaaattgaaatataggaccgaatttggttttatcagtttccagagtactgctg
ccaacctagacactgatttttcagagtttgaaatgtaaatttcttcccgggacttgattgcacatgaagc
tggactgcgttagtcatcctgtcccaaagcgctgtgggggccagggtggaggtctcaaggcatccttt
atgacctggccattggatgtaaaagaaaacatattccatgctgtggttcttgtatcttgtttcattcctcac
cattgaaagagaaagtccatgtattgtctccagcacatccttgaaatgttatactgggatggattactg



 5 

atgcccatcggtagttgagccccagaagagggtagtagcatctctgcctcaggtgatgatttgtagct
tggccagaggagagcggagtcaccagtatatctgtggtccatgttgctagctctggtaaaattaaaa
atactggtaagatgtttgttttattagtacactagacagtaagctctgttttgttgttttcaaataacctatttt
cacttttgtttgggcaaagacatttaaattgaaattcaattctaatttttgttaattgtggaaagggtaatta
acagttcctatcaggtatttttaatgtggaaaaggacagaaacccaactcctaaaatcttaaattaag
gtaacagtgctttaaaaaaaaaaaatgcatggggcaattagtcggcaactcaatgagtgactaaa
gtacttttatttaacatccacaacttcaactgttaagttttattaattactaaatcagctttattaaaatgttg
acatttatttagctattttgaataattatagtgacttgacgagtgtgtatgaggacacagccaatgtaag
ccagtgtatccattttttagaggtgcatttttttttaaagaattctgtagatagaagtgctctgaaaacaac
taaaatatgtttattcatggtagtatcaaaaaatgtttgtacaaaccatctgcttctcccggccagccga
gttcattctccagcaccgtgaccgctggttctcatgtacagcacatatgcgggagagttggcagaaa
atttgtgaagagatgccgcaaaggaagggtctgttgacgggtgggattgggggttttgatgaagttg
cttagtcctggttttgttttgaaaattactgcgttgcatttttgtgttaagtttttgaacccacgtgtgttttggtg
gagtatgagttggaagtcactgcaaactagcataaacaacaaagctcacagagtaggcacagat
gtagagaacagagaccaaaatggggtgaggtggcagtaaatctaggatagggaaaaattaatgt
gagggtgggaaataaactgtaattacctgaaatcaaatgtaagagtgcaataagtatgctttttattct
aagctgtgaacggtttttttaagaatcattccttcctaatacatttgtgtatgttccatagctgattaaaacc
agctatatcaacatataatgcctttttattcatgttaatgaccaacgtaagtggctagcctttatgtcttattt
atcttcatgttatgttagtttacatacaggggtgtatgtctctgtgctgtccccttctcctgccttcattttaaa
atgcatccatgggtcctccgtgtttcctttggccatgccacatatatagactcagtttggccttcatgatat
cgcctgatttttgaggactgtatcacagtgatatgtatttgtggtaatctcatttgttggttgtacatctgatc
ctttcctcaacatggcaattgctgcctttcctaagataggatcatacaactgatcaggggattgaatttg
atcattcatcaacatgtgtctctgaattttattcagtagttgtcattgctctttggtttagaccaagaaaaag
gaaatccccccttttcatgtattccttggtttgaggacatgactcctgtaagggagaggaaagggaga
tgcttcctgtttgaactgcagtgaattcacggttcctgtttcaccactccaaaccttatggcgactcacac
acacattcctcttttctgttactgccaaaggttcgggtttagtacacttcagttccactcaagcattgaaa
aggttctcgtggagtctggggcgtgcccagtgaaaagatggggactttttaattgtccacagacctct
ctatacctgctttgcaaaaattacaatggagtaactatttttaaagcttatttttcaattcataaaaaaga
catttattttcagtcaaatggatgatgtctccctcttttcccctattctcaatgtttgcttgaatcttttattattttt
tttaattctcccccatacccacttcctgatactttggttctctttcctgctcaggtcccttcatttgtactttgga
gtttttctcatgtaaatttgtataacagaaaatattgttcagtttggatagaaagcatggagaataaaaa
aagatagctgaaattcagattgaagaaatttatttctgtgtaaagttatttaaaaactgtattatataaaa
ggcaaaaaaagttctatgtacttgatgtgaatatgcgaatactgctataataaagattgactgcatgg
agaa 

 



 

  

Supplementary Table 1. Primer sequence and use. 

Primer Sequence 5’ → 3’ Use 

hBRAF-cds common-SalI 
-Kozak sequence -Fw 

ATAGTCGACGCCACCATGGCGGCGCTGAGCGGT hBRAF cds cloning 

hBRAF-ref cds SpeI stop 
codon Rev 

ATAACTAGTTCAGTGGACAGGAAACG hBRAF-ref cds 
cloning 

hBRAF-ref X1SpeI stop 
codon Rev 

ATAACTAGTCTACTTGAAGGCTGCAAATTCTC hBRAF-X1 cds 
cloning 

hBRAF-ref X2 SpeI stop 
codon Rev 

ATAACTAGTTCAGCTTATGCATTGGAAATT hBRAF-X2 cds 
cloning 

hBRAF-ref 3’UTR SpeI 
Fw 

ATAACTAGTTGAAACAAATGAGTGAGAGAG hBRAF-ref 3’UTR 
cloning 

hBRAF-ref 3’UTR NotI 
Rev 

ATAGCGGCCGCTTCTTTGGTTCACCTTAA 

hBRAF-X1 3’UTR SpeI 
Fw 

ATAACTAGTTAGCCACCATCATGGCAGCATC hBRAF-X1 3’UTR 
cloning 

hBRAF-X1 3’UTR NotI 
Rev 

ATAGCGGCCGCTTCTCCATGCAGTCAATCT 

hBRAFcds_377 Fw CTAGCCTTTCAGTGCTACCTTCATCT common cds 
RT-PCR hBRAFcds_1001_Rev GGACTGGTGAGAATTTGGGGC 

Ex14_1705 Fw GCCAAGTCAATCATCCACAG ref cds specific RT-
PCR hBRAFcdsRef_2300_Rev CAGTGGACAGGAAACGCACCATAT 

Ex15_1841 Fw CTGGATCCATTTTGTGGATG X1/X2 cds specific 
(ex19) RT-PCR hBRAFcdsX1_2300_Rev CTTGAAGGCTGCAAATTCT 

Ex17_2075 Fw TAATGGCAGAGTGCCTCAAA ref cds-3’UTR junction 
specific RT-PCR hBRAFutrRef_38 Rev TGTTGCTACTCTCCTGAACTC 

X1 only qRT_2179 Fw AGTGCATCAGAACCCTCCTT X1 cds-3’UTR junction 
specific RT-PCR hBRAFutrX1_387 Rev TTGATCTGGTGGTTAGAAGGG 

hBRAFutrX1_6041Fw TGTTAATGACCAACGTAAGTGGC X1 3’UTR end specific 
RT-PCR hBRAFutrX1_7155 Rev GCAGTCAATCTTTATTATAGCAG 

actb1_Intr311_Fw TCAGGGAGTGATGGTTGGC RNA control, exon 
spanning RT-PCR actb1_ Rev  CAACGGAAACGCTCATTGC 

eef1a1l1_Fw  GTACTTCTCAGGCTGACTGTG Housekeeping qRT-
PCR eef1a1l1_Rev  ACGATCAGCTGTTTCACTCC 

actb1_ Fw  TGAGCAGGAGATGGGAACC Housekeeping qRT-
PCR actb1_ Rev  CAACGGAAACGCTCATTGC 

hBRAFcds_377 Fw CTAGCCTTTCAGTGCTACCTTCATCT Hsa specific/common 
coding BRAF qRT-
PCR  

hBRAF-qRT1 Rev TCCGTGCCACATCTGTGGGAT 
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