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Abstract
Fusion proteins involving the BRAF serine/threonine kinase occur in many cancers. The oncogenic potential of BRAF
fusions has been attributed to the loss of critical N-terminal domains that mediate BRAF autoinhibition. We used whole-
exome and RNA sequencing in a patient with glioblastoma multiforme to identify a rearrangement between TTYH3,
encoding a membrane-resident, calcium-activated chloride channel, and BRAF intron 1, resulting in a TTYH3–BRAF fusion
protein that retained all features essential for BRAF autoinhibition. Accordingly, the BRAF moiety of the fusion protein
alone, which represents full-length BRAF without the amino acids encoded by exon 1 (BRAFΔE1), did not induce MEK/
ERK phosphorylation or transformation. Likewise, neither the TTYH3 moiety of the fusion protein nor full-length TTYH3
provoked ERK pathway activity or transformation. In contrast, TTYH3–BRAF displayed increased MEK phosphorylation
potential and transforming activity, which were caused by TTYH3-mediated tethering of near-full-length BRAF to the
(endo)membrane system. Consistent with this mechanism, a synthetic approach, in which BRAFΔE1 was tethered to the
membrane by fusing it to the cytoplasmic tail of CD8 also induced transformation. Furthermore, we demonstrate that
TTYH3–BRAF signals largely independent of a functional RAS binding domain, but requires an intact BRAF dimer
interface and activation loop phosphorylation sites. Cells expressing TTYH3–BRAF exhibited increased MEK/ERK
signaling, which was blocked by clinically achievable concentrations of sorafenib, trametinib, and the paradox breaker
PLX8394. These data provide the first example of a fully autoinhibited BRAF protein whose oncogenic potential is dictated
by a distinct fusion partner and not by a structural change in BRAF itself.

Introduction

The serine/threonine kinase BRAF has become a major
drug target in various malignancies [1]. Oncogenic muta-
tions of the BRAF gene can be subdivided into gene fusions
generated by intra- or interchromosomal rearrangements [2]
and single-nucleotide variations or small insertions/dele-
tions that result in full-length BRAF proteins with altered
kinase activity [3, 4]. How these alterations subvert the
intrinsic regulation of BRAF and generate potent oncopro-
teins is best understood from a structural perspective.

Like all RAF family members, BRAF possesses three
conserved regions (CR) that encompass structurally defined
subdomains [5, 6]. The CR1 is located C-terminal to the N-
terminal BRAF-specific region (NBSR) and contains two
subdomains, the RAS-binding domain (RBD) and the
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cysteine-rich domain (CRD), which are both involved in
RAS binding. The CR2 harbors several phosphorylation
sites of which S365 plays an important role for maintaining
BRAF in an autoinhibited state by serving as 14–3–3
binding site. The relevance of the CR2 for autoinhibition is
demonstrated by the observation that mutations affecting
14–3–3 binding have been found in ARAF, BRAF, and
CRAF in cancer and RASopathies [7], and that the exons
encoding the N-terminal moiety of RAF kinases (NBSR,
CR1, and CR2) are deleted in viral raf oncogenes and in
the growing spectrum of oncogenic RAF fusion genes [5].
The CR2 is followed by the hinge region (HR), which
contains phosphorylation site clusters negatively control-
ling BRAF signaling and stability [7]. The CR3 encom-
passes the N-region, an area critical for kinase activity, and
the kinase domain itself. The kinase domain contains sev-
eral residues involved in RAF dimerization, including
R509 at the dimer interface (DIF). The DIF plays a key role
in dimerization-mediated allosteric transactivation of a
receiver kinase molecule by an activated RAF protein
[5, 8–10]. In addition to the DIF, 14–3–3 proteins binding
to the C-terminal end of CR3 also contribute to dimer
formation [6]. Following membrane recruitment by RAS,
BRAF is fully activated by conformational changes
induced by dimerization and phosphorylation of the
T599VKS602 motif within the activation loop (AL) (see [11]
and references therein). RAF dimerization is also critical
for the formation of large active signaling complexes
[8, 12] and MEK phosphorylation [13].

AL phosphorylation is mimicked by the most common
BRAF mutation, V600E, which generates a mutation-
specific salt bridge stabilizing the active conformation of the
kinase domain and thereby produces an oncoprotein
exempted from multiple layers of positive and negative
regulation [8]. In contrast, more than 50 BRAF fusion
oncoproteins described to date [2] are generated by intra- or
interchromosomal rearrangements taking place within the
introns preceding exons 9, 10, or 11. Although the N-
terminal fusion partners are derived from proteins of various
functions and subcellular localization, all BRAF fusion
proteins share an intact CR3 and the loss of the auto-
inhibitory N-terminal moiety consisting of the NBSR, RBD,
CRD, CR2 and, in some cases, the HR. As the auto-
inhibitory moiety needs to be displaced by active RAS to
induce dimerization of the kinase domains in BRAF wild-
type proteins, BRAF fusion proteins display increased
homodimerization potential [14] and are thus in a state of
preactivation, in which they require only transactivation for
full activity [11]. Compared with point mutants such as
BRAFV600E, BRAF fusion proteins express unmutated
kinase domains and presumably exhibit a variety of con-
formational states. This might explain why BRAF fusions
display a reduced affinity toward small-molecule inhibitors

such as vemurafenib that were designed to target the active
conformation of BRAFV600E [15]. Moreover, the high
dimerization potential of BRAF fusion proteins counteracts
the uptake of vemurafenib or its tool compound PLX4072
[14, 16]. Chromosomal rearrangements leading to structu-
rally similar oncoproteins have been described for the
human RAF1 locus [17–19], although recent data suggest
distinct properties and RAF inhibitor sensitivities of BRAF
and RAF1 fusion proteins [20].

Apart from melanoma and hairy cell leukemia [1], BRAF
alterations are particularly frequent in specific types of low-
grade glioma [14, 19, 21, 22], which probably reflects the
critical role of the kinase in macroglia [11, 23, 24].
BRAFV600E also occurs at lower frequencies (2–12%) in
highly malignant glioblastoma (GBM), in particular in the
epithelioid subtype (54%). BRAF fusions, however, have
been rarely reported in GBM (0.5%) [25, 26]. Here we
report a unique case of GBM, in which an intrachromoso-
mal rearrangement between TTYH3 and BRAF produced
two unusual BRAF fusion proteins. Of particular interest,
we identified and characterized a novel BRAF fusion that
exhibits transforming activity despite the presence of the
autoinhibitory N-terminal moiety.

Results

Identification of complex BRAF alterations in a GBM
patient

This study originated from the genetic analysis of a 65-year-
old woman who had been diagnosed with left frontal GBM.
Treatment consisted of surgical resection and intraoperative
radiation, followed by external-beam radiation and con-
current and adjuvant temozolomide. To identify ther-
apeutically tractable molecular lesions, the patient was
enrolled in the MASTER (Molecularly Aided Stratification
for Tumor Eradication Research) program, a multi-institu-
tional, genomics-guided precision oncology platform for
adults with advanced-stage cancer across all histologies
[27]. Whole-exome sequencing (WES) of tumor tissue and
a matched blood sample revealed no typical GBM-
associated alterations [28, 29], except for two PIK3R1
mutations (Supplementary Table S1). Both mutations,
G376R, which has been recurrently found in GBM, and
H407Q are largely uncharacterized. Further analysis of the
WES data and subsequent validation by Sanger sequencing
revealed an acquired complex rearrangement of chromo-
some 7 that resulted in two distinct gene fusions involving
TTYH3 on chromosome 7p22 and BRAF on chromosome
7q34. The first fusion was caused by a pericentric inversion
between intron 13 of TTYH3 and intron 1 of BRAF (Fig. 1a
and Supplementary Fig. S1a). The second fusion
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additionally harbored a genomic deletion ranging from
intron 1 to intron 10 of BRAF (Fig. 1a and Supplementary
Fig. S1b). Copy number estimation analyses performed

with CNVkit showed that the TTYH3 and BRAF loci were
present with 3.4 and 3.6 copies, respectively (Fig. 1b and
Supplementary Table S1).

Fig. 1 Complex genomic
rearrangement of chromosome 7
in a patient with GBM. a
Schematic of the genomic
rearrangements leading to
TTYH3–BRAF fusion
transcripts with the translocation
event (orange) preceding the
deletion (green). b DNA copy
number estimation analysis
showing amplification of
multiple regions on chromosome
7, which include the TTYH3 and
BRAF loci. c Schematic of the
TTYH3_BRAFexon2 fusion gene
and the resulting chimeric
transcript. d Validation of the
chimeric TTYH3_BRAFexon2

transcript by Sanger sequencing.
e Cartoon illustrating the
primary structures of wild-type
BRAF (BRAFWT; with its
structural features outlined in the
introduction) and the two
TTYH3-BRAF fusion proteins.
For comparison, the primary
structures of the
FAM131B–BRAF [19] and
KIAA1549–BRAF [21]
oncoproteins, which
significantly differ in the length
of their non-BRAF component,
is shown. The non-BRAF
moiety of all four fusion proteins
is depicted in yellow. The
presumptive transmembrane
passes of TTYH3 are indicated
by black vertical bars. Note that
only TTYH3_BRAFexon2 retains
the structural features involved
in BRAF auto-inhibition
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RNA sequencing showed that both fusions were
expressed based on the detection of two distinct transcripts
supported by similar numbers of split reads (Fig. 1c and
Supplementary Fig. S1c). The TTYH3_BRAFexon2 transcript,
which is explained by the inversion, results in a multipass
transmembrane protein, in which a 500-amino acid peptide
encoded by exons TTYH3 1–13 is fused at its cytoplasmic
C-terminus to an almost full-length BRAF protein. Unlike
typical BRAF fusion oncoproteins consisting mainly of the
CR3, the BRAF component of TTYH3_BRAFexon2 only
lacks the 46 amino acids encoded by exon 1 (Fig. 1c–e).
TTYH3 is the human ortholog of the Drosophila flightless
protein and appears to be most abundant in the brain
(https://gtexportal.org/home/gene/TTYH3) [30]. It belongs
to the small family of Tweety/TTYH putative large-
conductance Ca2+-activated chloride channels and has
been recently, together with TTYH1/2, identified as the
major volume-regulated anion channel (VRAC) in astro-
cytes [31]. The topology of all three TTYH proteins has not
been fully elucidated, and four to six transmembrane (TM)
passes have been proposed for these channel proteins
[30–33]. Very recent functional and topology prediction
tools suggest four TM passes for TTYH1 and five for
TTYH2 and TTYH3 [31]. The fusion with near-full-length
BRAF occurs 88 amino acids C-terminal of the last TM
pass in the cytoplasmic part of TTYH3 and deletes the last
23 amino acids of TTYH3. Compared with the growing
spectrum of oncogenic BRAF fusions, in which typically
the kinase domain and some flanking residues are present
[2], the TTYH3_BRAFexon2 fusion is highly unusual, as it
retains all aforementioned features required for auto-inhi-
bition, such as the NBSR, RBD, the CRD, CR2, and HR.
Thus, it was conceivable that the TTYH3_BRAFexon2 fusion
protein remained stringently controlled and rather repre-
sented a passenger alteration than an oncogenic driver.

The second fusion connects TTYH3 exon 13 to an
intronic region upstream of BRAF exon 11, resulting in a
TTYH3_[CFIK]_BRAFexon11 fusion transcript (Fig. 1e and
Supplementary Figs. S1c and S2). This transcript generates
a chimeric protein, in which TTYH3 is fused to the CR3
domain of BRAF via a short peptide linker inserting the
amino acid sequence CFIK. The CFIK sequence is partly
derived from the intron sequence of BRAF. In sharp contrast
to TTYH3_BRAFexon2, the TTYH3_[CFIK]_BRAFexon11
fusion protein has lost the entire autoinhibitory moiety, and
the BRAF component starts with a sequence encoded by the
first exon corresponding to the CR3 (Fig. 1e and Supple-
mentary Fig. S2; [34]). Thus, the primary structure of the
BRAF component of this fusion protein is highly similar to
that of the many other oncogenic fusions containing
sequences derived from BRAF exons 11 to 18, e.g.,
KIAA1549–BRAF (Fig. 1e), and is almost certainly onco-
genic [2, 18, 19, 21, 35, 36].

The existence of the TTYH3_[CFIK]_BRAFexon11 tran-
script implies that the inversion occurred first, followed by
the deletion of the genomic region spanning BRAF exons
2–10. We cannot rule out that the second rearrangement
represents a purely subclonal event. However, the presence
of more than two copies of TTYH3 and BRAF in the DNA
and the fact that both fusion transcripts are supported by a
similar number of split reads in the RNA (see Fig. 1c and
Supplementary Fig. S1c) also allow for the possibility that
both fusions coexist within the same cells.

Functional characterization of TTYH3_BRAFexon2

As the TTYH3_BRAFexon2 fusion protein (from here on
designated as TTYH3–BRAFWT) retains all known auto-
inhibitory features of BRAF, we asked whether it con-
stitutes an oncogenic driver in its own right, in addition to
the oncogenic TTYH3_[CFIK]_BRAFexon11 fusion. We
generated a series of bicistronic pMIBerry expression vec-
tors encoding C-terminally Myc/His-tagged TTYH3-
BRAFWT (or mutants thereof described below) and the
red fluorescent protein dsRed2 [8]. The Myc/His tag was
placed at the C-terminus of BRAF to avoid interference
with membrane insertion of the TTYH3 moiety and because
this tag and its position do not compromise BRAF function
[8, 11]. To distinguish effects caused by BRAF exon 1
deletion from those arising from the fusion of BRAF to the
C-terminus of TTYH3, we generated an expression vector
for a BRAF protein lacking the exon 1-encoded sequence
and the entire TTYH3 moiety (BRAFΔE1). As additional
controls, we constructed expression vectors for C-terminally
Myc-tagged full-length TTYH3 (TTYH3FL) and its
TTYH3ΔE14 variant, which lacks the amino acids encoded
by TTYH3 exon 14 and hence represents the Tweety com-
ponent of TTYH3-BRAFWT.

As TTYH3 encodes a membraneous protein, we first
investigated the subcellular localization of TTYH3FL,
TTYH3ΔE14 and TTYH3-BRAFWT in the GBM cell line
LN-229ecoR, which is derived from LN-229 [37] and sta-
bly expresses the receptor for ecotropic retrovirus infection
(ecoR). As shown in Fig. 2a, BRAFWT displayed the
expected predominantly cytoplasmic localization, while
TTYH3FL and TTYH3ΔE14 were concentrated in puncta
found at the plasmamembrane and intracellularly, in parti-
cular in the perinuclear region that is rich in endomembrane
system components and hence contains most of the cellular
membranes. This staining pattern of TTYH3, which had not
been investigated previously, is reminiscent of that reported
for the structurally related TTYH1 and TTYH2 proteins
using antibodies against the endogenous protein or green
fluorescent protein tags [32, 33, 38, 39]. Importantly,
TTYH3–BRAFWT also displayed a membraneous and
punctate staining pattern in LN-229ecoR GBM cells. Puncta
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were also observed using an antibody recognizing endo-
genous TTYH3 (Supplementary Fig. 3a). Similar staining
patterns were obtained in experiments using Simian Virus
40 large T antigen (TAg)-immortalized normal human
astrocytes (NHA/TAg/ecoR; [40]), another GBM cell line,
GSC-233, and COS-7 cells, in which we also included
BRAFV600E, BRAFΔE1 and point mutants of
TTYH3–BRAFWT described in detail below (Fig. 2b,
Supplementary Figs. S3b and S4a–c). COS-7 cells were
chosen due to their high cytoplasm/nucleus ratio, facilitat-
ing subcellular localization studies. Again, BRAFWT,
BRAFV600E, and BRAFΔE1 displayed cytoplasmic localiza-
tion, while all TTYH3 and TTYH3–BRAF proteins loca-
lized to membranous or vesicular structures. In summary,

the stainings in the four cell lines show that the typical
cytoplasmic staining of BRAF is dramatically altered by the
TTYH3 fusion partner, indicating that the N-terminal
chloride channel extension tethers BRAF to the (endo)
membrane system.

To confirm correct expression of the various BRAF
proteins and to assess their signaling potential, we next
introduced them into TAg-immortalized murine embryonic
fibroblasts (MEFs), which were later also used to assess
transforming activity, NHA/TAg/ecoR as a nontransformed
cell type of glial origin, and into the HEK293 derivative
Plat-E [8, 41] that facilitates protein biochemistry assays. In
these assays, all BRAF proteins displayed the expected
molecular mass and BRAFV600E, used as positive control,

Fig. 2 TTYH3–BRAFWT is
localized to membraneous
structures. a Confocal
immunofluorescence
microscopy of LN-229ecoR
cells and NHA/TAg/ecoR cells
(b) infected with the indicated
pMIBerry constructs and stained
with anti-Myc antibody (green)
to reveal the localization of
TTYH3, BRAF, and
TTYH3–BRAFWT proteins.
Nuclei were counterstained with
DAPI. Red fluorescence
indicates the expression level of
dsRed2 encoded by the
pMIBerry retroviral vector.
Scale bar= 10 μm
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induced prominent MEK/ERK phosphorylation (Fig. 3a–d).
Interestingly, the amount of Myc-tagged TTYH3–BRAFWT

appears lower than that of wild-type BRAF (BRAFWT) in all

three cell types. This could reflect a lower expression of the
fusion protein compared with BRAFWT or could be caused
by a more inefficient transfer of TTYH3–BRAFWT

F. Weinberg et al.



(compared with BRAFWT) during western blotting due to its
increased size and presumed glycosylation, a modification
that has been described for TTYH3 and is known to affect
its electrophoretic migration. Indeed, the doublet of
TTYH3–BRAFWT is reminiscent of the SDS-PAGE
migration pattern of differentially glycosylated forms of
TTYH3 [30, 33]. Importantly, all three cell types expressing
TTYH3–BRAFWT exhibited MEK/ERK phosphorylation
levels considerably higher than those expressing BRAFWT

but lower than those expressing the high-activity
BRAFV600E mutant (Fig. 3a–d). Commensurate with these
findings, tumor tissue from the GBM patient stained posi-
tive for phospho-ERK (Fig. 3e).

The signaling potential of TTYH3–BRAFWT was
reduced by the AVKA mutation, which prevents phos-
phorylation of T599 and S602 in the BRAF AL [11], and
even more strongly by the R509H mutation, which impairs
DIF function and homodimerization of BRAF [8] (Fig.
3a–c). In contrast, leucine substitution of the evolutionarily
conserved RBD residue R188, which prevents RAS-
induced RAF activation (see [8] and references therein),
had no discernible effect on the MEK/ERK phosphorylation
potential of TTYH3–BRAFWT (Fig. 3c).

Next, we asked whether the loss of BRAF exon 1 by the
fusion might cause the elevated MEK/ERK phosphorylation
potential of TTYH3–BRAFWT. As shown in Fig. 3a–c,
BRAFΔE1 provoked a level of MEK/ERK phosphorylation
below that of BRAFWT-expressing cells. However, in var-
ious experiments involving different cell types, we noticed
that it was difficult to achieve the same degree of BRAFΔE1

overexpression as for BRAFWT or TTYH3–BRAFWT,
complicating a direct comparison of these two variants.
Therefore, we transfected increasing amounts of the
BRAFΔE1 expression vector and compared the effects of
various expression levels with those of TTYH3–BRAFWT.
Yet, even higher levels of BRAFΔE1 did not induce the
prominent MEK/ERK phosphorylation triggered by
TTYH3–BRAFWT (Fig. 3d). Thus, the increased signaling
potential of TTYH3–BRAFWT cannot be attributed to the
loss of BRAF exon 1.

Recently, Jung et al. reported that TTYH1 drives brain
colonization of gliomas [38], suggesting that the TTYH3
component might activate MEK/ERK. However, we
observed no induction of MEK/ERK phosphorylation upon
overexpression of TTYH3FL or TTYH3ΔE14, which corre-
sponds to the TTYH3 moiety in TTYH3–BRAFWT

(Fig. 3c).
Typical BRAF fusion proteins and BRAF oncoproteins

consisting almost exclusively of the kinase domain, e.g., the
vemurafenib-induced and resistance-conferring splice variant
BRAFΔE2-E10, display enhanced DIF-dependent homo-
dimerization [14, 16]. As TTYH3–BRAFWT retains auto-
inhibitory domains that are usually displaced by RAS prior to
dimerization [6] and whose absence in N-terminally truncated
BRAF oncoproteins contributes to their dimerization behavior
[13, 42], we asked whether this unsual BRAF fusion protein
engages in dimerization. Therefore, we coexpressed Myc- and
HA-tagged BRAF constructs in Plat-E cells and assessed the
amount of HA-tagged BRAF proteins in anti-Myc immuno-
precipitates, as described previously [8]. As shown in
Supplementary Fig. 5a, TTYH3–BRAFWT co-
immunoprecipitated with BRAFWT and BRAFΔE2-E10 (lane
4 and 9), which was included as a positive control for
increased dimerization [42]. In contrast, TTYH3–BRAFR509H

failed to copurify detectable amounts of BRAFWT and
BRAFΔE2-E10 (lane 5 and 10), indicating that an intact DIF is
critical for homodimerization of TTYH3–BRAFWT, as it was
demonstrated for BRAF [8, 9, 13]. Next, we addressed the
homo- and heterodimerization potential of TTYH3–BRAFWT

with endogenously expressed RAF proteins in NHA/TAg/
ecoR cells, as this experimental system is more closely related
to GBM. To enrich for RAF dimers, we pretreated NHA/
TAg/ecoR with sorafenib, which promotes dimer-dependent
BRAF complexes [8, 12, 43] and contributes to their stability
by quenching ERK-mediated feedback loops contributing to
dimer disruption [44, 45]. As shown in Supplementary Fig.
S5b, sorafenib induced heterodimers between BRAFWT or
TTYH3–BRAFWT and RAF1 or ARAF. Given their promi-
nent size difference, we could also detect a sorafenib-induced
increase in homodimers between TTYH3–BRAFWT and
endogenous BRAF (Supplementary Fig. S5c). Moreover, the
R509H mutation impaired the formation of sorafenib-induced
heterodimers between TTYH3–BRAF and endogenous
ARAF and BRAF, while heterodimerization between the
fusion protein and RAF1 was not affected (Supplementary
Fig. S5b, c). This result is reminiscent of our previous data
showing that the R509H substitution alone is not sufficient to
impair heterodimer formation and/or stability between BRAF
and RAF1 in MEFs and RAS-driven colorectal cancer cells
[8]. Thus, our data show that TTYH3–BRAF engages in
homo- and heterodimerization and that an intact DIF is
required for its ability to induce MEK phosphorylation.

Fig. 3 TTYH3 increases BRAF activity. a MEFs were infected with
the indicated constructs and total cell lysates (TCLs) were analyzed by
western blotting with the indicated antibodies two days later.
TTYH3–BRAFWT strongly induces MEK and ERK phosphorylation in
a DIF- and AL-dependent manner. b TCLs of NHA/TAg/ecoR cells
infected with the indicated constructs were subject to western blotting
using the indicated antibodies. c, d Plat-E cells were transfected with
the indicated constructs and TCLs were analyzed by western blotting
with the indicated antibodies. d Increasing amounts of BRAFΔE1 only
marginally induce phosphorylation of MEK or ERK compared to
empty vector control cells. e Immunohistochemistry reveals pERK
positive GBM tissue
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TTYH3–BRAFWT transforms MEFs in a DIF- and AL-
dependent manner

Next, we assessed the transformation potential of the
various BRAF proteins by infecting MEFs with different
pMIBerry bicistronic vectors encoding dsRed2 in addition
to BRAF [8]. As shown in Fig. 4a–c, MEFs infected with
the empty vector or BRAFWT remained contact-inhibited
and fully integrated in the monolayer, while cells

expressing TTYH3–BRAFWT formed foci. In contrast,
TTYH3–BRAFAVKA and TTYH3–BRAFR509H failed to
induce a significant number of foci (Fig. 4b), while
TTYH3–BRAFR188L was still able to induce MEF trans-
formation, albeit with reduced efficiency (Fig. 4c). In
agreement with Fig. 3c, BRAFΔE1, TTYH3FL,
TTYH3ΔE14, and BRAFR188L induced no foci (Fig. 4a–d).
Thus, the elevated signaling and transformation potential
of TTYH3–BRAFWT is caused by the tethering of an

Fig. 4 TTYH3–BRAFWT transforms MEFs due to membrane tethering
and in a DIF- and AL-dependent manner. a–d Focus assay of MEFs
infected with the indicated retroviral constructs. TTYH3–BRAFWT

induces the formation of foci, which is abrogated by mutation of the
DIF (R509H) or the AL (AVKA) and partially inhibited by blocking
the RAS/RAF interaction (R188L). a Phase contrast and fluorescence
images of infected MEFs growing as monolayer or forming single foci.
Scale bars, 100 µm. b Plates were fixed and stained with Giemsa

solution. Focus formation reflects the loss of contact inhibition upon
expression of oncogenic BRAF. Data represent one of at least three
independent transduction experiments. Experiments in b and c repre-
sent independent experiments, in which plates infected with pMIBerry,
pMIBerry/BRAF, and pMIBerry/TTYH3-BRAF served as reference
plates for the individual experiments. d MEFs were infected with the
indicated pMIG constructs [8] to demonstrate that BRAFR188L does not
transform MEFs
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almost full-length and otherwise nontransforming BRAF
protein to TTYH3 and not by the TTYH3 moiety itself.
Furthermore, these activities of TTYH3–BRAFWT were
less reliant on RAS binding but strongly dependent on an
intact DIF and AL.

Our concept that BRAFΔE1 only becomes transforming
upon membrane tethering could be supported by the removal
of the membrane-targeting sequences in the TTYH3 moiety
and relocalization of the fusion protein to the cytoplasm.
However, as TTYH proteins contain at least five TM passes
[30, 32, 33] and as each pass is introduced by an internal and
undefined signal peptide, it would be extremely difficult to
prevent membrane targeting of TTYH3–BRAFWT by a
mutagenesis approach without causing drastic alterations to
the primary structure of the channel. Therefore, we applied a
synthetic approach and fused BRAFΔE1 to the last amino
acid at the C-terminus of human CD8α (Fig. 5a; termed CD8
in the following), a typical type I TM protein with a well-
defined signal peptide [46]. As shown in Fig. 5b, c, the N-
terminal CD8 extension of BRAFΔE1 conferred strong
transformation potential and induced prominent MEK/ERK
phosphorylation. Expression of CD8 did not cause foci. We
further dissected the transforming mechanism of
CD8–BRAFΔE1 by replacing the intermolecular disulfide
bond forming cysteines 164 and 181 by serine residues [47]
and by deleting the N-terminal signal peptide of CD8 [46].
The former mutant should rule out that the transforming
activity of CD8–BRAFΔE1 is caused by dimerization medi-
ated via the extracellular CD8 moiety, while the latter,
termed as CD8ΔSP–BRAFΔE1 in the following, was designed
to prevent membrane insertion of CD8–BRAFΔE1. Impor-
tantly, CD8C181S–BRAFΔE1 and CD8C164S/C181S–BRAFΔE1

were still transforming and caused MEK phosphorylation,
suggesting that CD8 homodimerization is not responsible for
the transforming activity of this fusion protein (Fig. 5b, c).
Unfortunately, CD8ΔSP–BRAFΔE1 was only very weakly
expressed, preventing a conclusion regarding its transform-
ing ability (Fig. 5c). This suggests that the CD8–BRAFΔE1

protein is unstable, e.g., due to unproper folding of the CD8
immunoglobulin variable-like extracellular domain in the
cytoplasm. Next, we analyzed the subcellular localization of
the CD8–BRAFΔE1 fusion protein in LN-229ecoR GBM
cells. As shown in Supplementary Fig. S6a, CD8–BRAFΔE1

localized to endomembrane structures, and its staining pat-
tern was distinct from the diffuse appearance of BRAFWT.
Commensurate with its low expression in MEFs (Fig. 5c),
CD8ΔSP–BRAFΔE1 could not be detected by anti-Myc
staining in GBM cells, despite prominent expression of
dsRed2, which is derived from the same bicistronic tran-
script. This further supports our assumption that
CD8ΔSP–BRAFΔE1 is unstable.

Using extra- and intracellular stainings for human CD8α,
we also measured the degree of plasma membrane exposure

of CD8–BRAFΔE1 (Supplementary Fig. S6b). Interestingly,
while the majority of cells transduced with the expression
construct for CD8α displayed this molecule on their surface,
CD8–BRAFΔE1 was only exposed on the plasma membrane
in a few percent of dsRed2-expressing cells. This suggests
that the BRAFΔE1 moiety might interfere with C-terminal
trafficking signals promoting anterograde transport of CD8
[48]. In summary, our synthetic approach using human
CD8α provides further evidence that (endo)membrane
residency of the BRAFΔE1 moiety is necessary and suffi-
cient for transformation.

Effects of TTYH3–BRAFWT in GBM cells

So far, we had analyzed the biological activity of
TTYH3–BRAFWT and mutants thereof mainly in immor-
talized non-GBM cell models. These heterologous systems
are well-suited for the characterization of oncoproteins, in
particular for transformation assays that require non-
transformed cells as a basis. Their potential drawback,
however, is that they do not always reflect the histological
context, in which the oncoproteins were identified. There-
fore, we analyzed the effects of TTYH3–BRAFWT in ecoR-
expressing pools of the GBM cell lines LN-229 and GSC-
233. As the former is a well-defined GBM line with mod-
erate ERK phosphorylation levels that can be further
induced by EGF [37, 49, 50], we originally considered this
cell line as suitable to discern signaling differentials
between the various BRAF proteins. The latter represents a
GBM stem-like cell [51] and was chosen as a cell line
model that is even closer to primary GBM.

First, we analyzed the effects of the various BRAF proteins
and their controls in LN-229ecoR cells. Interestingly, the MEF-
transforming BRAFV600E, TTYH3–BRAFWT, and
CD8–BRAFΔE1 proteins induced a neurite-like morphology
with slender processes and proliferation arrest as reflected by
the decline of dsRed2-expressing cells over time (Fig. 6a, b). In
contrast, LN-229ecoR cells infected with the empty control
vector or expressing CD8 or BRAFWT continued to proliferate
and maintained a normal morphology. This suggested that
excessive BRAF activity triggers a differentiation process, a
hypothesis that needs to be further addressed in future studies,
but that is reminiscent of the well-described neuritogenic
effects of oncogenic RAS/ERK pathway components in PC12
cells [52] and KLF6-induced neuronal differentiation observed
in LN-229 cells [53]. It should be mentioned that RAS/ERK
pathway activity in LN-229 cells is presumably already ele-
vated due to a PTPN11 mutation encoding the SHP2A72S gain-
of-function mutant that has been found in Noonan syndrome
[54], glioma, and myeloid neoplasia (https://cancer.sanger.ac.
uk/cosmic/mutation/overview?id=1948744). Indeed, the dif-
ferential in MEK/ERK phosphorylation in LN-229ecoR cells
expressing BRAFWT, TTYH3–BRAFWT, or CD8–BRAFΔE1
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was less pronounced than in MEFs (Fig. 5c) and GSC-
233ecoR cells, in which the ERK pathway was strongly
induced by the active BRAF proteins (Supplementary Fig. S7).

Together with the observed morphological effects and deple-
tion of LN-229ecoR cells expressing transforming BRAF
mutants (Fig. 6), this makes them unsuitable for extensive

Fig. 5 Membrane tethering of
the BRAF component present in
TTYH3–BRAFWT by human
CD8 is sufficient to confer
transforming properties. a
Cartoon showing the various
CD8 fusion proteins. The
presumptive transmembrane
passes of TTYH3 and CD8 are
indicated by black vertical bars.
The pink vertical bar specifies
the signal peptide of CD8 and
the cysteine-to-serine
substitutions preventing CD8
dimerization are also indicated.
b Focus assay as described for
Fig. 4b using the indicated
constructs. Data represent one of
at least three independent
transduction experiments. c
Western blot analysis of MEFs
infected with the indicated
retroviral vectors.
CD8ΔSP–BRAFΔE1 #5 and #11
represent two independently
generated plasmid clones
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biochemical and pharmacological experiments. In contrast,
GSC-233ecoR cells appeared more robust to ectopic BRAF
expression, and hence appeared more suitable for such analyses
(Supplementary Fig. S7b).

Drug sensitivity of TTYH3–BRAFWT-mediated
signaling

Next, we assayed the effects of (pre)clinically relevant RAF
and MEK inhibitors to identify strategies for treating tumors
driven by such unusual BRAF fusion proteins. Initially, we
screened various RAF inhibitors in Plat-E cells ectopically
expressing the BRAF proteins in question. Given the
resistance of non-V600E BRAF oncoproteins toward
vemurafenib, in particular splice variants and fusion pro-
teins with prominent dimerization behavior [14], we chose
dabrafenib and trametinib as these compounds can be safely

combined [15] and as dabrafenib has been hardly explored
in the context of BRAF fusion proteins. In addition, we
tested whether the paradox-breaking dual pan-RAF/SRC
family inhibitor CCT196969 [55] and the paradox-breaking
vemurafenib derivatives PLX7904 and PLX8394 [56]
would affect TTYH3–BRAFWT-induced MEK/ERK
phosphorylation.

As shown in Supplementary Fig. S8a, b, both dabrafenib
and CCT196969 reduced MEK/ERK phosphorylation eli-
cited by TTYH3–BRAFWT, albeit only at higher and
clinically irrelevant doses such as 5 and 10 μM dabrafenib.
In contrast, MEK phosphorylation, the most direct assess-
ment of cellular RAF activity, was clearly affected by 1 μM
dabrafenib and CCT196969 in BRAFV600E-overexpressing
cells. It should be kept in mind that, due to the lack of a cell
line with an endogenous TTYH3–BRAF fusion, we were
forced to apply an ectopic overexpression approach.

Fig. 6 TTYH3–BRAFWT and
other BRAF oncoproteins
induce differentiation in LN-
229ecoR cells. a LN-229ecoR
cells were infected with the
indicated pMIBerry constructs
and infected cells were identified
by their dsRed2 fluorescence ten
days post infection. Note that
expression of the transforming
BRAFV600E, TTYH3–BRAFWT,
and CD8–BRAFΔE1 (two
independently generated
plasmid clones 25 and 30)
induces a neuron like
morphology, while cells infected
with the control vectors or those
expressing BRAFWT maintain
their morphology. The
pMIBerry NotI vector differs
from the parental pMIBerry
vector only by the absence of the
second NotI restriction site. Data
are representative of two
independent infections. b Flow
cytometric assessment of the
abundance of dsRed2 expressing
cells seven and 15 days post
infection. The percentage of
dsRed2 positive cells at day 7
was arbitrarily set to 1
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Consequently, the observed drug efficacies, as judged by
the absolute molarities at which full inhibition of MEK and
ERK phosphorylation was observed, might differ in our cell
line models from those with endogenous BRAFV600E

mutations. Moreover, as also observed in other cell types
[57], even with endogenous BRAFV600E mutations [58], we
observed that the reduction of ERK phosphorylation levels
lagged behind that of MEK phosphorylation. This could be
explained by the drug-induced loss of ERK phosphatases
such as DUSP6 and other negative feedback loops that
maintain ERK phosphorylation via rheostasis despite a
reduction of input signals [57–59]. Therefore, the degree of
phospho-MEK reduction is more informative in assessing
the action of RAF inhibitors.

As shown in Supplementary Figs. S8c and S9a, the pan-
RAF and multikinase inhibitor sorafenib effectively sup-
pressed MEK and ERK phosphorylation elicited by
TTYH3–BRAFWT at 5 and 10 μM, concentrations that were
observed in human plasma [60, 61]. Given this response, we
decided to test sorafenib in GSC-233ecoR cells (Fig. 7a).
Again, 5 μM sorafenib suppressed MEK phosphorylation
by more than 75%, while it had little impact on BRAFV600E,
as expected from its well-known type II binding mode [15].
Similarly, sorafenib, albeit used at the higher but clinically
still relevant concentration of 10 μM [61], blocked MEK/
ERK phosphorylation in the NHA/TAg/ecoR lysates used for
the co-immunoprecipitation assay (Supplementary Fig. S5b).

Classic RAF fusions including only the CR3 trigger ERK
pathway activation, and this feature has been used as an
indication for MEK inhibitors, leading to tumor responses
[2, 20, 62–65]. Indeed, the MEK inhibitor trametinib sup-
pressed ERK and, to a lesser extent, MEK phosphorylation
in GSC-233 and Plat-E cells (Fig. 7b and Supplementary
Fig. S9b). The effect of trametinib on both phosphorylation
events can be explained by the so-called ‘feedback buster’
property of trametinib that, in addition to its action as an
ATP-competitive inhibitor, impairs the phosphorylation of a
critical MEK1/2 AL site by activated RAF [66].

Next, we tested the paradox breakers PLX7904 and
PLX8394 for their efficacy to inhibit the MEK phosphor-
ylation potential of TTYH3–BRAFWT and BRAFV600E.
These compounds have only been tested in the context of
typical BRAF fusion proteins, such as KIAA1549–BRAF,
or vemurafenib-promoted BRAF splice variants, both car-
rying mainly the CR3 as BRAF component [14, 67].
Therefore, it was of interest whether these drugs could
reduce the activity of TTYH3–BRAFWT. Indeed, both
paradox breakers suppressed the high MEK phosphoryla-
tion elicited by BRAFV600E at 0.3 μM, while those triggered
by TTYH3–BRAFWT showed a lesser differential at this
concentration (Fig. 7c and Supplementary Fig. S10). Ten
times higher drug concentrations, however, also reduced
MEK phosphorylation in TTYH3–BRAFWT- expressing

cells by more than 70% and showed similar efficacy as
5 μM sorafenib. This data is consistent with the western blot
by Yao et al. showing the effect of PLX8394 on
KIAA1549–BRAF-expressing HEK293 cells [67], sug-
gesting that both BRAF fusions, despite their structural
differences (Fig. 1e), do not significantly differ in
PLX8394 sensitivity. It should be noted that a direct com-
parison of the MEK phosphorylation potentials of
BRAFV600E and TTYH3–BRAFWT is complicated by the
lower expression of the latter. However, by comparing the
phospho-MEK signals in BRAFV600E and
TTYH3–BRAFWT-infected GBM cells, it is obvious that
these paradox breakers appear more effective against
BRAFV600E, as they, despite the abundance of the onco-
protein, achieve a reduction in MEK phosphorylation by 96
and 99% at 0.3 and 3 μM, respectively.

No evidence for collaboration between
TTYH3–BRAFWT and PIK3R1 mutations

Mutations in the PI3K/AKT/mTOR pathway frequently
occur in GBM and sometimes coexist with RAS/ERK axis
alterations such as NF1 loss [29]. Given that both pathways
collaborate in the progression of various tumour entities, as
exemplified by BRAFV600E driven melanoma and GBM
mouse models [68, 69], we asked whether the poorly char-
acterized PIK3R1G376R allele and the novel PIK3R1H407Q

mutant, which were identified in the GBM patient (Supple-
mentary Table S1), possess oncogenic potential, either alone
or in combination with TTYH3–BRAFWT. First, we tested
whether both mutants can confer interleukin-3 (IL3) inde-
pendence in Ba/F3 cells, a well-established model system to
gauge the transforming potential of PIK3R1 mutants
[70, 71]. As shown in Supplementary Fig. S11a, b, however,
both mutants were unable to drive Ba/F3 survival in the
absence of IL3. This data is in line with two previous studies
reporting only very weak signalling and transforming
potential of PIK3R1G376R [70, 72] and further suggests that
PIK3R1H407Q might be a passenger mutant.

Previously, we observed that high activity BRAF
mutants such as BRAFV600E or BRAFinsT induce cell cycle
arrest and an elongated morphology in parental NHA cells
[73]. This phenotype is preserved in their NHA/Tag/ecoR
derivative (Supplementary Fig. S11c), suggesting that
chronic ERK activation rather impedes cell cycle progres-
sion in these cells and requires the cooperation with other
pathways to drive proliferation. Therefore, we generated
NHA/Tag/ecoR cells stably expressing the PIK3R1 proteins
in question, subsequently infected them with expression
vectors for TTYH3–BRAFWT or control constructs and
monitored the abundance of dsRed2 expressing cells over
time. While the percentage of dsRed2 positive control cells
remained stable, the number of TTYH3–BRAFWT
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Fig. 7 TTYH3–BRAFWT mediated signaling is susceptible to RAF and
MEK inhibition in GSC-233ecoR GBM cells. GSC-233ecoR cells
were infected with the indicated constructs and treated either with the
indicated doses of a sorafenib, b trametinib, or c the paradox-breaker
PLX8394 for 4 h. Shown are western blots of one out of three inde-
pendent biological replicates using the indicated antibodies. Detection

of 14–3–3 serves as an additional loading control. Shown on the right
is the quantification of the pMEK and pERK signals normalized to the
loading control (n= 3). TTYH3–BRAFWT mediated pMEK and pERK
signals in vehicle (DMSO) treated cells was arbitrarily set to 1. Shown
is the mean ± S.E.M
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expressing cells significantly decreased within 14 days
(Supplementary Fig. S11d, e). Taken together, both assays
did not reveal a discernible transforming activity of both
PIK3R1 mutants and do not support their collaboration with
TTYH3–BRAFWT.

Discussion

Here, we demonstrate that the TTYH3–BRAFWT fusion
protein identified in GBM represents a bona fide oncogenic
driver whose downstream effects can be blocked by the
pan-RAF/multikinase inhibitor sorafenib, BRAF paradox
breakers, and the MEK inhibitor trametinib, thus providing
an immediate therapeutic opportunity. Indeed, combination
treatment with a MEK inhibitor could lower the risk of
paradoxical ERK pathway activation by sorafenib mono-
therapy, which has been described in low-grade glioma
patients [61]. Moreover, the discovery of TTYH3–BRAFWT

highlights the clinical value of exome or genome and RNA
sequencing in individual cancer patients—even in diseases
whose genomic landscape has been mapped such as GBM
[28, 29]—as a more focused mutational analysis covering
the BRAF hotspot exons 11 and 15 would have classified
this tumor as “BRAF wildtype”.

Our study also represents an example for “bidirectional
translation” as the discovery of the TTYH3–BRAFWT

fusion has not only yielded potential treatment options, but
also identified a novel mechanism of BRAF-mediated
transformation. In sharp contrast to the oncogenic BRAF
fusions identified so far [2, 19, 36], TTYH3–BRAFWT

retains all known critical autoinhibitory features.
TTYH3–BRAFWT only lacks amino acids encoded by exon
1, whose function remains ill-defined except for a con-
tribution to dimerization [74]. Thus far, only two other
BRAF fusion proteins have been reported that correspond to
TTYH3–BRAFWT in terms of their BRAF moiety.
SND1–BRAF was observed in three lung adenocarcinoma
samples and contains amino acids encoded by the first nine
exons of SND1 that are N-terminally linked to the poly-
peptide derived from BRAF exons 2 to 18 [75]. In
AHCYL2–BRAF, observed in cutaneous melanoma, the
same BRAF portion is fused to adenosylhomocysteinase
like 2 [76]. In contrast to our assays with
TTYH3–BRAFWT, however, SND1–BRAF and
AHCYL2–BRAF did not elicit significantly elevated MEK/
ERK phosphorylation compared with BRAFWT upon ecto-
pic expression [75, 76]. Although we did not directly
compare TTYH3–BRAFWT, SND1–BRAF, and
AHCYL2–BRAF, our data suggest that TTYH3–BRAFWT

is a far more potent oncoprotein due to the presence of the
TTYH3 moiety. Indeed, while SND1, as member of the
RISC complex [75], and AHCYL2 are both located in the

cytoplasm, TTYH proteins are embedded in the endo-
membrane system and the plasma membrane [33]. This
implies that tethering of an otherwise autoinhibited BRAF
protein to the (endo)membrane system represents the
pathogenic mechanism underlying the oncogenic potential
of TTYH3–BRAFWT (Fig. 4c). Our concept is supported by
our synthetic approach, in which we demonstrated that
fusion of the autoinhibited BRAFΔE1 component of
TTYH3–BRAFWT to CD8 generates a strong MEK/ERK
activator and transforming protein. The pathomechanism of
TTYH3–BRAFWT ties in with previous experiments, in
which artificial membrane tethering of full-length BRAF or
RAF1 by fusing their C-termini to the polybasic region and
CAAX box of KRAS was sufficient to generate an onco-
protein [11, 77, 78]. However, TTYH3–BRAFWT differs
from BRAFCAAX as it is tethered to the membrane via its N-
terminal end and thus represents the first membrane-
associated near-full-length BRAF protein described in
tumors (Fig. 8). Because BRAFΔE1 behaves like BRAFWT,
our study identifies TTYH3–BRAFWT as the first BRAF
fusion whose oncogenic potential is clearly defined by the
fusion partner and not the primary structure of the BRAF
moiety. In the present work, we have also obtained new
insights into the localization of TTYH3, which had not been
investigated for this family member. Like TTYH1 and
TTYH2, TTYH3 and the TTYH3–BRAF fusion protein
localize to membranes and were concentrated in vesicular
structures and in the Golgi apparatus area. Our data on
TTYH3–BRAFWT and CD8–BRAFΔE1, which also strongly
localizes to the endomembrane system, further supports the
concept that MEK/ERK signals can originate from the
endomembrane system [79]. This finding could be relevant
for the interpretation of other tumor-associated RAF fusion
proteins and highlights the necessity to consider the biology
of the fusion partner as it has been recently demonstrated for
the QKI–RAF1 fusion [20].

The various BRAF oncoproteins differ in terms of their
precise mechanism of oncogenic activation and hence
their dependence on positive and negative regulatory
processes [3, 8, 11]. We therefore dissected the signaling
requirements of TTYH3–BRAFWT. Interestingly,
TTYH3–BRAFR188L was still able to transform MEFs and
displayed a high MEK/ERK activation potential, sug-
gesting that membrane tethering alleviates the necessity
for BRAF activation by RAS. The oncogenic properties
and RAS independence of TTYH3–BRAFWT,
BRAF–CAAX, and RAF1–CAAX raise the question why
membrane tethering confers transforming potential to
RAF. One possibility is that, maybe supported by
protein–lipid interactions, membrane-tethered RAF kina-
ses are more likely to exist in an open conformation,
which in turn facilitates the dimerization and subsequent
allosteric transactivation of the exposed kinase domains.
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Thus, membrane-tethered RAF kinases are not fully active
per se, but are primed for full activation by mechanisms
that would only occur in the activation of wild-type RAF
kinases following RAS-mediated membrane recruitment.
Indeed, we show that the elevated MEK/ERK phosphor-
ylation potential of TTYH3–BRAFWT requires critical
structural prerequisites that are involved in BRAF acti-
vation following RAS binding, such as the AL phos-
phorylation sites T599 and S602 and an intact DIF. Thus,
TTYH3–BRAFWT displays similar regulatory require-
ments as typical BRAF fusion proteins lacking the auto-
inhibitory moiety, e.g., FAM131B–BRAF and
KIAA1549–BRAF, and various non-V600E full-length
BRAF oncoproteins [8, 11, 14, 16, 41]. In terms of their
dimerization behavior, BRAF fusion proteins are usually
considered as homodimers. However, we now show that
TTYH3–BRAFWT forms both RAF homo- and hetero-
dimers and that the presence of the DIF residue R509 is
required for its ability to induce MEK phosphorylation.
R509 plays a versatile role in RAF signaling. First, it
fulfills an important, albeit nonessential role in dimer
formation, although its histidine substitution differently
impacts on homo- vs. heterodimer formation and/or sta-
bility as judged by co-immunoprecipitation assays [8].
This finding could be explained by very recent insights
into the structures of BRAF homo- and BRAF/RAF1
heterodimers that are also relevant for our understanding
of the drug selectivity of RAF complexes [67]. Future
studies will address whether the TTYH3 partner, which,
as a VRAC component [31], might form higher ordered
complexes on its own, modulates the dimerization
potential and partner choice, i.e., formation of homo- vs.
heterodimers, of the BRAFΔE1 moiety. Second and most
importantly, R509 plays an essential role in allosteric
transactivation [5, 8–10] and is hence critical for the
transforming potential of most BRAF oncoproteins. The
dependence of TTYH3–BRAFWT (this study) and of

typical BRAF fusions on an intact DIF [14] highlights the
possibility that yet-to-be-developed compounds that pre-
vent dimerization or processes promoting it, e.g., AL
phosphorylation (see Ref. [11]. and references therein for
discussion), could be effective in targeting BRAF fusion
proteins. Such compounds could be even superior to ATP-
competitive inhibitors that, at least those in clinical use,
fail to inhibit BRAF fusion proteins due to their high
dimerization potential and the associated phenomenon of
negative cooperativity [14, 16, 67].

Materials and methods

Patient samples

For WES, a fresh-frozen tumor specimen and a matched
blood sample were collected from a patient who had been
diagnosed with GBM multiforme according to World
Health Organization criteria. Samples were pseudonymized,
and tumor histology and cellularity were assessed at the
Institute of Pathology, Heidelberg University Hospital, prior
to further processing. The patient provided written informed
consent under an institutional review board-approved pro-
tocol, and the study was conducted in accordance with the
Declaration of Helsinki.

Immunohistochemistry

Immunohistochemistry was performed using a 1:100 dilu-
tion of anti-pERK antibody from Cell Signaling Technol-
ogy (#9101) as described previously [80].

Cultivation and treatment of cells

The culture of non-GBM cell lines, their transfection, as
well as the in-house generation, and culture of immortalized

Fig. 8 Model illustrating how
TTYH3–BRAF overcomes
BRAF autoinhibition. See
discussion for further details
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BraffloxE12/floxE12 MEFs were described previously [8, 41].
Plat-E cells were provided from Dr Kitamura (University of
Tokyo). NHA/TAg/ecoR were generated in-house from
normal human astrocytes (Lonza) as described previously
[40]. The GBM cell lines LN-229 and GSC-233 cells and
their derivatives were cultivated in DMEM (4.5 g/l glucose,
10% fetal calf serum, 2 mM L-glutamine, 10 mM HEPES,
200 U/ml penicillin, 200 μg/ml streptomycin). Cells tested
negative forMycoplasma (Eurofins, Cologne) and the 100%
identity of LN-229 cells was confirmed by single nucleotide
polymorphism (SNP)-profiling (Multiplexion, Heidelberg).
As expected, the recently established GSC-233 line [51]
showed a unique SNP profile, unrelated to any of the 900
authenticated cell lines in the Multiplexion database. Details
on viral transduction are provided in Supplementary Infor-
mation. Vemurafenib, dabrafenib, trametinib, sorafenib, and
the paradox breakers PLX7904 and PLX8394 were
obtained from SelleckChem. CCT196969 was purchased
from Reagency. All inhibitors were dissolved in DMSO.

Western blotting

These methods have been described in detail previously
[8, 58]. In brief, lysates were size separated by 10% SDS-
PAGE followed by transfer to PVDF membranes and pro-
teins of interest were detected with the following primary
antibodies: anti-MEK1/2 (#9122), anti-phospho-MEK1/2
(#9121), anti-ERK1/2 (#9102), anti-phospho-ERK1/2
(#9101), anti-MYC 9B11 (#2276) (all from Cell Signaling),
anti-HA 3F10 (#11867431001) (Roche), anti-B-Raf F7
(#sc-5284), anti-Raf-1 C-12 (#sc-133), anti-A-Raf (#sc-408)
anti-14–3–3 (#sc-1657) (all from Santa Cruz Biotechnol-
ogy), and anti-FLAG M2 (F1804; Sigma-Aldrich). Bound
primary antibodies were detected using HRP-labelled sec-
ondary antibodies and a PeqlabTM Fusion Solo device.
Recorded signals were quantified using Fusion software
(version 16.08).

Quantification and statistical analysis

Quantitative data are presented as mean ± SEM of three
independent biological replicates. Multiple group compar-
isons were performed by two-way ANOVA Fisher LSD test
using GraphPad Prism 6. A p-value of ≤0.05 was con-
sidered statistically significant.
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