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Abstract
Purpose Several studies have shown that different tumour types sharing a driver gene mutation do not respond uniformly to
the same targeted agent. Our aim was to use an unbiased network-based approach to investigate this fundamental issue using
BRAFV600E mutant tumours and the BRAF inhibitor vemurafenib.
Methods We applied SWIM, a software able to identify putative regulatory (switch) genes involved in drastic changes to the
cell phenotype, to gene expression profiles of different BRAFV600E mutant cancers and their normal counterparts in order to
identify the switch genes that could potentially explain the heterogeneity of these tumours’ responses to vemurafenib.
Results We identified lung adenocarcinoma as the tumour with the highest number of switch genes (298) compared to its
normal counterpart. By looking for switch genes encoding for kinases with homology sequences similar to known
vemurafenib targets, we found that thyroid cancer and lung adenocarcinoma have a similar number of putative targetable
switch gene kinases (5 and 6, respectively) whereas colorectal cancer has just one.
Conclusions We are persuaded that our network analysis may aid in the comprehension of molecular mechanisms under-
lying the different responses to vemurafenib in BRAFV600E mutant tumours.
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Introduction

Cancer is a complex, heterogeneous, and dynamic disease
which is driven by genomic and epigenomic abnormalities.
The number of mutations found in any cancer can vary from

a handful to hundreds of thousands. While the majority of
mutations are ‘passengers’ (i.e. without any significant
consequences for the cell), a small number are functionally
relevant ‘drivers’ [1]. Drivers are responsible for carcino-
genesis and clonal expansion, and provide cancer cells with
a selective survival advantage.

One of the best known driver genes is the BRAF onco-
gene, which encodes for a member of the RAF kinase
family. The RAF kinase family, in turn, constitutes a core
component of the ERK signalling pathway which is
involved in cell growth, differentiation, and survival. The
most frequent mutation in the BRAF gene is the point
mutation c.1799T>A, which is a substitution that results in
an aminoacid change from valine (V) to glutamic acid (E) in
the activation segment of the BRAF kinase (V600E), pro-
moting its hyperactivation and resulting in constitutive
activation of downstream ERK signalling.

BRAF mutations are present in ~8% of human tumours
[2]. BRAFV600 mutations occur in almost 100% of hairy cell
leukaemias (HCL), in ~50% of cutaneous melanomas
(SKcm), and with different frequencies in various non-
melanoma cancers: in 37–50% of papillary thyroid cancers
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(THca), in 5–8% of metastatic colorectal cancers (CRC), and
in 1–2% of lung adenocancarcinomas (LUad) [3, 4]. In some
of these cancers, the BRAFV600 mutations are associated with
poor prognosis due to an aggressive disease phenotype,
shortened overall survival, and minor response rates [5–8].
For instance, in papillary thyroid cancer the role of the
BRAFV600E mutation confers an increased risk of cancer
recurrence and extrathyroidal disease in tumours of >10mm
[9] but not in tumours of ≤10 mm [10]. In metastatic thyroid
cancer, the presence of the BRAFV600E mutation can impair
iodine metabolism, rendering the tumour more likely to be
refractory to treatment with radioactive iodine [11]. More-
over, BRAFV600E mutation may be present alone or in
combination with other genetic or epigenetic modifications.
In particular, in thyroid cancer, the coexistence of
BRAFV600E with TERT mutations or amplification has been
more strongly associated with high-risk clinicopathologic
features than either mutation alone was, higher risk of
recurrence and cancer-related mortality [12–14].

Since the driver gene is considered responsible for cancer
initiation and progression, the idea that blocking this gene
with an inhibitor would interfere with tumour growth has
caused a shift in focus from tumour histology to molecular
profile, with pharmaceutical companies rushing to develop
targeted therapy. The targeted agent vemurafenib was
approved by the FDA in 2011 for the treatment of patients
with BRAFV600E mutant metastatic melanoma [15]. In these
patients, it showed a response rate of ~50% and improved
survival. However, several studies have shown that
BRAFV600E-mutated tumour types do not respond uniformly
to BRAF-targeted therapy (Table 1). Impressive responses
(ORR 96–100%) have been observed in BRAFV600E hairy
cell leukaemia [16], and intermediate activity has been
observed in advanced BRAF-mutated non-small cell lung
cancer [17] and metastatic thyroid cancer [18]. However, in
marked contrast to these results, single-agent vemurafenib
did not show meaningful clinical activity in patients with
BRAFV600E mutant colorectal cancer [5].

To investigate why different tumours with the same
driver gene do not respond uniformly to the same inhibitor,

we computationally explored gene expression profiles of a
variety of BRAFV600E mutant cancers available on The
Cancer Genome Atlas (TCGA) (https://cancergenome.nih.
gov/) using the software package SWItchMiner (SWIM)
[19] (Information about SWIM are available in Supple-
mentary S1). Our aim was to identify the switch genes that
could potentially explain the heterogeneity of tumour
response to targeted agents. In order to do this, we identi-
fied: (1) switch genes by comparing BRAFV600E mutant
cancers; (2) switch genes putatively involved in BRAFV600E

carcinogenesis; (3) the function of proteins coding switch
genes; and (4) additional kinase targets of vemurafenib.

Methods

Identification of switch genes from the comparison
of BRAFV600E mutant cancers

RNA-sequencing data, available on TCGA, obtained from
294 thyroid cancers (papillary thyroid cancers), 205 mela-
nomas, 36 colorectal cancers, and 9 lung adenocarcinomas
were analysed using SWIM software. The Hamming dis-
tance was used to group cancer types based on their degree
of switch gene similarity (Fig. 1).

Analysis of switch gene function

Function of switch genes has been analysed by Gene ontology
(GO, http://www.geneontology.org/) and Kyoto Encyclopae-
dia of Genes and Genomes (KEGG, http://www.genome.jp/
kegg/) databases. Pathway enrichment analyses were con-
ducted by using Search Tool for the Retrieval of Interacting
Genes (STRING, https://string-db.org/). The GO terms refer to
the following items: biological process (BP), cellular compo-
nent (CC), and molecular function (MF). GO analysis uses
hypergeometric tests to perform enrichment analysis on gene
sets. KEGG pathway analysis aims to identify and visualise
significantly enriched pathways of molecular interactions,
reactions, and relations. STRING is a freely accessible bio-
logical database to evaluate protein–protein interaction infor-
mation. A P < 0.05 was considered statistically significant and
indicative of significant enrichment.

Identification of additional kinase targets of
vemurafenib

The sequence of the kinases previously identified as targets of
vemurafenib, reported in the Selleckchem database
(http://www.selleckchem.com), and the sequence of the
kinases codified by the switch genes were downloaded from
the UniProt database (http://www.uniprot.org). In particular,
the sequences of the canonical isoform for each protein have

Table 1 Response to BRAF inhibitor monotherapy in BRAFV600E

mutant tumours

Cancer ORR (%) PFS (months)

SKcm 51 7.3

CRC 4.8 2.1

HCL 96–100 9

NSCLC 33 5.5

THca 38.5 8.9–18.2

SKcm melanoma, CRC colorectal cancer, HCL hairy cell leukaemia,
NSCLC non-small cell lung cancer, THca papillary thyroid cancer,
ORR overall response rate, PFS progression free survival
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been selected and uploaded in the Geneious R11 desktop
platform and compared using the MUltiple Sequence Com-
parison by Log-Expectation (MUSCLE) alignment method
[20]. The Nextprot database (https://www.nextprot.org) was
used to analyse the domains in each kinase.

Results

Identification of switch genes from the comparison
of BRAFV600E-mutant cancers

We analysed RNA-sequencing data, available on TCGA, of
294 thyroid cancers, 205 melanomas, 36 colorectal cancers,
and 9 lung adenocarcinomas with the BRAF V600E

mutation. Clinical data concerning these tumours are
available in Supplementary Data S2. Almost all the exam-
ined tissues come from patients who have not received any
treatment before surgery. Furthermore, in all four cancers,
the percentage of metastatic tumours is low compared to
non-metastatic disease. We did not compare statistically the
stages because they refer to tissue-specific staging systems.
Our algorithm identified 288 switch genes out of 2000
(14%) differentially expressed genes (DEGs) in the com-
parison of colorectal cancer versus melanoma, 523 out of
2314 DEGs (23%) between colorectal and thyroid cancer,
299 out of 2018 DEGs (15%) between colorectal cancer and
lung adenocarcinoma, and 430 out of 2224 DEGs (19%)
between melanoma and thyroid cancer. Switch genes
included protein coding genes, as well as long non-coding

Fig. 1 Hamming distance for
comparisons among different
tumours harbouring BRAFV600E

mutation. In the diagonal are
shown the switch genes emerged
from the comparison between
two tumours, i.e. the switch
genes equivalent to the
differences between the
tumours. The greater the
reported number, the greater the
difference between the two
tumours compared. Instead, in
other boxes of the figure, there
are common genes, emerged
from two comparisons. CRC
colorectal adenocarcinoma,
THca thyroid cancer, LUad lung
adenocarcinoma, SKcm
melanoma

Table 2a Characteristics of
switch genes in comparisons
between BRAFV600E-mutant
tumours

Cancer Switch
genes

Up-regulated (%) Down-regulated (%) Protein-coding vs. non-coding
RNAs

CRC vs. SKcm 288 15 (5) 273 (95) 254 protein-coding
3 non-coding
3 pseudogenes

CRC vs. THca 523 522 (99.8) 1 (0.2) 474 protein-coding
2 pseudogenes

CRC vs. LUad 299 296 (99) 3 (1) 270 protein-coding
1 non-coding RNA
1 pseudogene

SKcm vs.
THca

430 427 (99) 3 (1) 379 protein-coding
4 non-coding RNAs
4 pseudogenes

CRC colorectal cancer, SKcm melanoma, THca papillary thyroid cancer, LUad lung adenocarcinoma
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RNAs and pseudogenes. The number, the percentage, and
the type of up-regulated and down-regulated switch genes
in these comparisons are reported in Table 2a. We used the
Hamming distance to represent cancers similarity based on
the number of switch genes (Fig. 1). We assumed that the
greater the number of switch genes in each comparison, the
greater the difference between tumours. Therefore, color-
ectal and thyroid cancers, which have the largest number of
switch genes (523), appear as the most different (distant)
from each other. On the contrary, colorectal cancer and
melanoma are the most similar (closest) to each other
(288 switch genes).

Switch gene function

We investigated the function of proteins coding switch
genes by performing an enrichment analysis in KEGG
pathway (KEGG, http://www.genome.jp/kegg/) and Gene
Ontology (GO, http://www.geneontology.org/) biological
processes (see Supplementary Data S3 online). Significant
enrichment pathways in GO emerged in all four cancer
comparisons, while KEGG pathway enrichment was found
to be statistically significant in all comparisons except col-
orectal cancer versus melanoma. Both enrichment analyses
showed that switch genes were mainly involved in cell
cycle, system/organ/tissue development, signal transduc-
tion, response to stimuli, and CC organisation. Some enri-
ched pathways were only present in one comparison, such
as pigmentation and neurogenesis in the colorectal cancer
versus melanoma comparison, or digestion in the colorectal
and thyroid cancer comparison.

Identification of switch genes putatively involved in
BRAF V600E carcinogenesis

Using SWIM, we compared data of BRAFV600E mutant
thyroid, colorectal, and lung cancers with their corre-
sponding normal samples (59 for thyroid, 50 for colorectal,
and 59 for lung). We were not able to analyse RNA-
sequencing data from hairy cell leukaemia and normal skin

because not available. SWIM identified 227 switch genes
out of 2167 DEGs in the thyroid cancer versus normal
thyroid comparison; 183 switch genes out of 1895 DEGs
between colorectal cancer and its normal tissue; and
298 switch genes out of 1738 DEGs between lung adeno-
carcinoma and normal lung. We found that switch genes
included protein-coding genes as well as long non-coding
RNAs and pseudogenes. The number, the percentage, and
the type of up-regulated and down-regulated genes in these
comparisons are reported in Table 2b. The number and
percentage of shared and non-shared switch genes for each
tumour compared with its normal tissue are shown in Fig. 2.
Seven genes (CDH3, PLEKHN1, LEMD1, SPTBN2, ETV4,
C1orf170, C8orf73), all of them up-regulated in comparison
to normal tissue, are shared among thyroid, lung, and col-
orectal cancer.

Switch gene function

We investigated switch gene function by performing an
enrichment analysis in KEGG pathways and GO BP (see
Supplementary Data S4 online). Significant enriched KEGG
pathways emerged only for lung adenocarcinoma versus
normal tissue and involved metabolic pathways and

Table 2b Characteristics of
switch genes in comparisons
between BRAF V600E tumours
and their normal counterpart

Cancer vs.
normal

Switch
genes

Up-regulated (%) Down-regulated
(%)

Protein-coding vs. non-coding
RNAs

CRC 183 183 (100) 0 166 protein-coding
1 pseudogene
1 non-coding RNA

LUad 298 293 (98) 5 (2) 258 protein-coding
1 pseudogene
6 non-coding RNAs

THca 227 184 (81) 43 (19) 211 protein-coding
1 pseudogene
3 non-coding RNAs

CRC colorectal cancer, THca papillary thyroid cancer, LUad lung adenocarcinoma

Fig. 2 Switch genes in BRAFV600E-mutant cancers. Venn diagram
showing shared and non-shared switch genes for each BRAFV600E

cancer compared to its normal tissue
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glycosphingolipid biosynthesis. In GO, DNA conformation
change was the most significant enriched pathway in lung
adenocarcinoma. On the contrary, system/organ/tissue
development and tissue morphogenesis are common enri-
ched pathways when comparing colorectal and thyroid
cancers with their normal tissue.

Kinase-encoding switch genes

To investigate why different tumours with a mutation in the
same driver gene (BRAF) do not respond uniformly to the
same inhibitor (vemurafenib), we hypothesised that other
kinases, in addition to the known ones, may be targeted by
vemurafenib. Indeed, in vitro data showed that vemur-
afenib, although widely recognised as a selective tyrosine
kinase inhibitor, also inhibits other kinases with different
IC50. Therefore, we identified the switch genes that encode
for kinases: 14 in lung adenocarcinoma, 7 in thyroid cancer,
and 3 in colorectal cancer (Table 3). Moreover, all kinase-
encoding switch genes are up-regulated, with the only
exception being PFKFB2 in thyroid cancer. In order to
predict which of these kinases are preferential targets of the
drug, we looked for the presence of sequence homologies
between switch gene kinases and known vemurafenib tar-
gets and we identified three common motifs belonging to
the kinase domain, HRD, KXXDFGX, and WXAPE (Fig. 3).
Among the 24 kinase-encoding switch genes, 12 had at least
one homology motif (Fig. 4). Enrichment analysis for these
kinases in KEGG and GO showed involvement in the fol-
lowing pathways: axon guidance, Ras signalling pathway,
Rap1 signalling pathway, PI3K-Akt signalling pathway,

phosphorylation, transmembrane receptor protein, tyrosine
kinase signalling pathway, ephrin receptor signalling path-
way, and regulation of programmed cell death (see Sup-
plementary Data S5 online). Just one kinase, (EPHB3), had
all three homology sequences (HRD, KXXDFGX,
WXAPE) and it has been associated with thyroid cancer. In
lung adenocarcinoma, four out of six kinases had two
homology sequences (HRD, KXXDFGX or HRD,
WXAPE). On the contrary, in colorectal cancer there were
no kinases with two or three homology sequences, just one
kinase (TYRO3) sharing one homology sequence (HRD).
HRD was the most frequent shared homology sequence
among kinases encoded by switch genes (10 out of 12
kinases). In 6 out of the 10 kinases sharing the HRD
sequence, the aspartate (D) in the HRD sequence may have
an important role as a proton acceptor in the kinase domain.

Discussion

Driver mutations, responsible for both tumour initiation and
progression, are considered attractive targets for the devel-
opment of selective inhibitors in cancer treatment. For
instance, in BRAFV600E mutant thyroid cancers, several
successful targeted agents have been developed [21, 22].
However, these inhibitors are not equally effective in other
cancers harbouring the same driver mutation. The advent of
large-scale genome sequencing has revealed that cancer is a
complex disease in which genetic and epigenetic alterations
act together. The analysis of the cancer molecular land-
scape, using bioinformatics tools, may help to reveal hid-
den, tissue-specific pathways. This approach may be helpful
to personalise treatment, selecting more active and less toxic
pharmacologic agents, to use alone or in a combination
strategy.

We applied SWIM algorithm to analyse gene expression
data from several cancers sharing BRAFV600E mutation. Our
aim was to identify the most important differences, in terms
of switch genes, that may contribute to cancer-specific
pharmacological response to vemurafenib.

The highest number of switch genes (523) was found by
comparing colorectal and thyroid cancers, while the lowest
number of switch genes (288) was found between colorectal
cancer and melanoma. Assuming that the greater the num-
ber of switch genes in the comparison, the greater the dif-
ference between tumours, these data suggest that colorectal
cancer is more different from thyroid cancer than from lung
adenocarcinoma and/or melanoma and that thyroid cancer is
quite different from melanoma.

When we looked at differences between tumours and
their normal tissue, we found that lung adenocarcinoma is
the tumour with the highest number of switch genes (298),
followed by thyroid cancer (227) and colorectal cancer

Table 3 Kinases encoded by switch genes in BRAF V600E mutant
tumours

LUad THca CRC

BUB1 DAPK2 SPHK1

CDK1 EPHB3 TRIB3

EFNA3 ERBB3 TYRO3

EFNA4 MAP3K6

EFNA5 MET

ITPKA PFKFB2

MAST1 TGFBR1

MELK

NME1

SGK2

STK32A

STK39

STYK1

TK1

CRC colorectal cancer, THca papillary thyroid cancer, LUad lung
adenocarcinoma
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(183). A higher number of switch genes may suggest a more
complex tumourigenesis process. On the whole, the vast
majority of switch genes are unshared between tumours,
which further highlights tumour heterogeneity. Switch
genes are usually protein-coding genes but they may also be
long non-coding RNAs (lncRNAs) or pseudogenes. This is
not surprising since both lncRNAs and pseudogenes have
recently been demonstrated to play an important role in
human diseases, especially in cancer [23, 24]. In particular,
pseudogenes, that represent a significant proportion of the
transcriptome [24], are able to alter the sequence and/or the
transcriptional activity of their parental genes and, once they
are transcribed in RNA, they can act as antisense RNA,
lncRNA, endogenous short interfering RNAs, competing
endogenous RNAs, chimeric RNA and can compete with
their parental messenger RNAs for RNA-binding proteins
and/or translational machinery binding [25, 26]. Moreover,
it has been demonstrated that some pseudogenes can be

translated in proteins that can interfere with their parental
protein functions [25].

Most of these switch genes are up-regulated in tumour
versus normal tissue. Indeed, all switch genes are up-
regulated in colorectal cancer, 98% are up-regulated in lung
adenocarcinoma, and 81% are up-regulated in thyroid
cancer, suggesting that the gene’s activation plays a large
role in the BRAF-guided carcinogenesis process.

Lastly, we looked at sequence homology across known
vemurafenib targets and we identified three common motifs
(HRD, KXXDFGX and WXAPE) repeated in all sequences
analysed. When we searched for these motifs in the kinases
encoded by switch genes in all cancers, we found one or more
of these sequences in 12 kinases: 6 in lung adenocarcinoma, 5
in thyroid cancer, and one in colorectal cancer. It is likely that
kinases with the highest homology sequence number (three)
are preferential targets of vemurafenib, as compared with
kinases with two or fewer homologous sequences.

Fig. 3 Sequence homology among known vemurafenib targets. The figure shows three motifs belonging to the kinase domain of BRAF (HRD,
KXXDFGX, WXAPE) shared among known vemurafenib targets

Fig. 4 Kinase-encoding switch genes. a List of kinases with one or more homology sequences. b Kinases encoded by switch genes with and
without homology sequences in different tumours

Endocrine (2019) 64:406–413 411



Taking into account the number of kinases encoded by
switch genes and the presence of vemurafenib putative
target motifs, we could hypothesise that papillary thyroid
cancer and lung adenocarcinoma have a comparable
response to vemurafenib while colorectal cancer has a
worse response. Indeed, this hypothesis is in accordance
with clinical trial data that report a better response rate to
vemurafenib in papillary thyroid cancer patients than in
colorectal cancer patients. The importance of the putative
targetable kinases has been previously reported [27, 28].
Notably, EPHB3 seems to have a key role in cancer.
EPHB3 is the kinase encoded by the switch gene with the
highest homology sequence. Preclinical studies showed that
the expression of EPHB3 was significantly elevated in
papillary thyroid cancer. Li et al. suggested that EPHB3 acts
as a tumour promoter in THca by increasing the in vitro
migration, as well as the in vivo metastasis of THca cells by
regulating the activities of Vav2 and Rho GTPases in a
kinase-dependent manner [29]. Interestingly, EPHB3 was
investigated even in other cancers: in gastric cancer, upre-
gulation of EPHB3 was associated with acquired resistance
to a selective inhibitor of FGFR 1–3 [30], whereas in CRC
its downregulation has been proposed as a prognostic
indicator [31].

Cancer is a complex and dynamic disease, and its evo-
lutionary nature makes it hard to achieve success with tar-
geted agents. Indeed, cancer clone evolution involves
contemporaneous sub-clones with distinctive mutational
profiles and this concept has practical implications for tar-
geted therapy. In the rush to produce targeted therapy, focus
has shifted from tumour histology to molecular profile, but
clinical trials results show that this shift is not entirely
justified. Histology is considered a surrogate for potentially
important differences in biology, meaning that tumour his-
tology is an important determinant of sensitivity to targeted
agents, which may be due to factors related to tissue line-
age, epigenetic features, and mechanisms of resistance. Our
results highlight a substantial difference between BRAF-
mutant tumours supporting the issue that a single mutational
event, although a major one, is not enough to predict the
clinical benefit of target therapy.

Some limitations of this study must be acknowledged.
First of all, we have not included any data on skin and hairy
cell leukaemia. The latter is the tumour with the highest
response rate to vemurafenib, followed by melanoma.
Unfortunately, since hairy cell leukaemia and skin RNA-
sequencing data were not available, we were not able to
analyse data regarding two of the most common tumours
with BRAFV600E mutations. Nevertheless, we preferred to
analyse homogeneous data at the expense of losing some
information. Secondly, the analyses conducted using com-
putational and bioinformatics tools need to be validated by
in vitro studies.

In summary, in this report we used a computational
approach to explain a clinical observation. It is for the first
time that someone analyzes through a network approach the
use of targeted therapy in a histology-agnostic way. In parti-
cular, this preliminary analysis may provide additional insights
to understanding the molecular mechanisms underlying the
different responses to vemurafenib in several tumours har-
bouring BRAFV600E mutation. In vitro data are needed to
validate these results.
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