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In-frame BRAF exon 12 deletions are increasingly identified in various tumor types. The resultant BRAF~F3-C

oncoproteins usually lack five amino acids in the B3-aC helix linker and sometimes contain de novo insertions.
The dimerization status of BRAF*P>* oncoproteins, their precise pathomechanism, and their direct druggability
by RAF inhibitors (RAFi) has been under debate. Here, we functionally characterize BRAF*"NV™P>F and two novel
mutants, BRAF®™FS and BRAFA"NV™>F and compare them with other BRAF#3°C oncoproteins. We show that
BRAF“P3-°C gncoproteins not only form stable homodimers and large multiprotein complexes but also require
dimerization. Nevertheless, details matter as aromatic amino acids at the deletion junction of some BRAF2P3-¢
oncoproteins, e.g., BRAFA™NVTAP>F lincrease their stability and dimerization propensity while conferring resis-
tance to monomer-favoring RAFi such as dabrafenib or HSP 90/CDC37 inhibition. In contrast, dimer-favoring
inhibitors such as naporafenib inhibit all BRAF2P** mutants in cell lines and patient-derived organoids, sug-

gesting that tumors driven by such oncoproteins are vulnerable to these compounds.

INTRODUCTION
The serine/threonine kinases of the RAF family comprise the
ARAF, BRAF, and RAF1 isoforms and represent critical signaling
elements in the RAS/RAF/mitogen-activated protein kinase
(MAPK) kinase (MEK)/extracellular signal-regulated kinase
(ERK) pathway. RAFs, in particular the frequently mutated BRAF
isoform, emerged as major drug targets in oncology (I). RAF
becomes activated by RAS-mediated membrane recruitment,
which in turn promotes the transition from a closed autoinhibited
to an open conformation in which the exposed kinase domains are
activated by dimerization-induced allosteric transactivation (2, 3).
The mechanisms leading to physiological and oncogenic RAF acti-
vation are best understood from a structural perspective (4-6).
RAFs share three conserved regions (CRs): CR1 and CR2 mediate
RAS and 14-3-3 binding, respectively, thereby controlling mem-
brane recruitment and the degree of autoinhibition (4, 7). Among
other features, the CR3 encompasses the kinase domain, which dis-
plays the typical organization of an N- and C-lobe. The kinase
domain contains a dimer interface (DIF), which comprises several
noncontiguous residues in both lobes (8). Of these, R509, which is
located in the conserved R**°KTR**’HV motif at the C-terminal
end of the aC helix, not only plays a key role in the formation
and stabilization of RAF dimers (Fig. 1A) but also is essential for
the allosteric transactivation of a still inactive receiver protomer
by an already activated RAF protein (9-12). The binding of 14-3-
3 proteins to the C-terminal end of CR3 also contributes to dime-
rization (13).

RAS recruits BRAF to the membrane and assists in its full acti-
vation by relieving the kinase domain from 14-3-3-mediated
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autoinhibition (I4). The exposed kinase domain engages in
homo- or heterodimerization with other RAF protomers, which
in turn induces their conformational changes (3, 12, 15) that are
probably accompanied by phosphorylation of the D>**FGLAT>**
VO9KS®%% motif within the activation segment (AS) (16). While
AS phosphorylation has not been observed in recent mass spec-
trometry (MS) experiments (6), it is supported by structural and
genetic approaches (12, 17, 18). For example, T599 phosphorylation
is mimicked by the most common oncogenic BRAF mutation,
V600E, which generates a mutation-specific salt bridge between
E600 and K507 in the aC helix of the N-lobe, which in turn shifts
the aC helix and AS into the active “aC helix-IN/DFG-IN/R506-IN"
conformation (17, 19, 20). Consequently, this salt bridge locks
BRAFY®F in the active conformation and exempts it from multiple
regulatory requirements, including an intact RAS-binding domain,
DIF, AS, and the C-terminal 14-3-3-binding site (9, 11, 18, 21). The
fact that BRAFY**°F can still provide high and transforming ERK
activity in the presence of artificial DIF and/or C-terminal 14-3-
3-binding site mutations suggests that it signals as a monomer,
and indeed, it could be shown that it is only receptive to V600E-se-
lective type I'’> RAF inhibitors (RAFi) in its monomeric state due to
the phenomenon of negative allostery (20, 22). However, these find-
ings do not indicate that BRAF"**F always exists as a monomer in
living cells. We and others showed that BRAFY°°F displays a higher
dimerization propensity than wild-type (WT) BRAF (BRAF™T)
and is more effective in phosphorylating MEK in its dimeric state
and that a large fraction of this oncoprotein resides in large protein
complexes that are sensitive to DIF mutations (9, 17, 23, 24).
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The phosphorylation- and dimerization-induced conformation-

al changes within the kinase domain also promote its transition
from an inactive to an active conformation, involving the realign-
ment of conserved hydrophobic regulatory residues. If they are
aligned in the active conformation, they will constitute the so-
called R-spine that is essential for catalysis. The spine residues
provide critical contact points for RAFi, and hence, their orienta-
tion, along with that of the aC helix and the AS, decides about
drug binding and efficacy (12, 25). For example, the clinically irrel-
evant type I inhibitors stabilize the RAF kinase domain in its active
aC helix-in/DFG-in/R506in conformation, while type II com-
pounds, such as the approved sorafenib and the clinical phase 2
trialed naporafenib, stabilize the aC helix-in/DFG-out/R506in con-
formation. The clinically used BRAFY***"-selective drugs vemura-
fenib, dabrafenib, and encorafenib represent the aforementioned
type I'/? inhibitors, inducing an aC-helix-out/DFG-in/R506in con-
formation (20).

The spectrum of BRAF alterations is still expanding because of
the increasing sequence coverage of tumor genomes. Oncogenic
mutations are subdivided into single-nucleotide/amino acid substi-
tutions (e.g., V60OE), small in-frame insertions/deletions resulting
in full-length BRAF proteins with altered kinase activity, and gene
fusions (26). Their complexity is increased by the fact that BRAF
oncoproteins differ in their enzymatic activity and drive MEK/
ERK hyperactivation by various mechanisms (27). These differenc-
es have practical implications for targeted therapies and stimulated
the classification of BRAF oncoproteins (26). Class I mutants are
confined to V600 substitutions and can still unfold their high in-
trinsic enzymatic activity and oncogenic signaling potential if de-
prived of the aforementioned dimer-promoting features. In
contrast, class III mutants represent the other end of the spectrum
as they display lower intrinsic kinase activity than BRAF"" or lack
kinase activity at all. They cooperate with activated RAS and induce
paradoxical MEK hyperactivation by dimerizing with catalytically
competent RAF protomers and promoting their transactivation
(9, 28, 29). Class II contains a wide spectrum of BRAF oncoproteins
with varying degrees of intermediate activity (30). They rely on di-
merization but can signal independent of RAS (21).

The so-called BRAF*P** mutants represent still relatively
underexplored but potentially highly active oncoproteins found in

various tumor entities, especially in KRAS WT pancreatic neoplasia
(31-34). According to the Catalogue Of Somatic Mutations In
Cancer (COSMIC) database, 0.005% of its curated pan-cancer
samples encode BRAF*#**“ mutants. As the responsible mutations
map to exon 12, which is ignored by most diagnostic procedures
that only address exons 11 and 15, their frequency is probably un-
derestimated, in particular for “RAS/BRAF WT" tumors of typically
RAS/ERK pathway—driven entities. At the protein level, BRAFAP3-eC
mutants are characterized by short in-frame deletions removing
usually five amino acids in the loop linking the 3 strand with the
aC helix (35—-37). As this deletion affects the orientation of the aC
helix (Fig. 1A), which in turn controls the exposure of the
R*KTR*HV motif, BRAF***““ mutants might display an aber-
rant dimerization behavior. However, the first studies describing
BRAF*#*°C mutants arrived at different conclusions whether they
signal as dimers or autonomous monomers (35-37). However, de-
fining the biochemical properties of BRAF**** mutants, which
determine RAFi efficacy, is of direct clinical relevance, as Molecular
Tumor Boards (MTBs) increasingly discuss the druggability of these
oncoproteins in clinical decision-making. Here, we provide an in-
depth analysis of the signaling potential and dimerization state of
various BRAF*P** oncoproteins, including the previously unchar-
acterized BRAF*"™VTAP>F oncoprotein and the hitherto unde-
scribed BRAF'"™FS and BRAFA™Y™F mutants. By defining
their druggability, we observed an unexpected variety in dabrafenib
responsiveness, while sorafenib and the phase 2 trialed compound
naporafenib inhibit all mutants tested. We also dissect the mecha-
nism determining dabrafenib sensitivity and propose an algorithm
for choosing the appropriate RAFi in the clinical setting.

RESULTS

Identification of the previously unidentified in-frame
deletion mutant BRAF4e!insFS

This study was prompted by a pancreatic ductal adenocarcinoma
(PDAC) case analyzed within the Molecularly Aided Stratification
for Tumor Eradication Research (MASTER) program of the Na-
tional Center for Tumor Diseases (NCT) and the German Cancer
Consortium (DKTK) (38) in which a BRAF exon 12 p.L485-
P490delinsFS (BRAF™FS) was detected. The patient was diag-
nosed with poorly differentiated PDAC and hepatic metastases at
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Fig. 1. The recently identified AB3-aC mutation BRAF?*'""*FS js activating and confers transforming ability. (A) BRAF elements that are essential in this study are
highlighted in protomer 1 of a representative BRAF dimer. Orange, aC helix; red, aC-3 loop; blue, 83 sheet; pink, R509; green, APE motif; yellow, D***FGLATV®°°KS motif of
the AS. The ribbon diagram, which is based on a crystal structure of dimerized human BRAF kinase domains bound to 14-3-3 proteins [PDB: 6XAG, (113)], was created
using the PyMol Molecular Graphics System (version 2.5.2, Schrédinger, LLC). The 14-3-3 dimer was excluded for simplicity. (B) Focus formation assay. MEFs were infected
with retroviral vectors encoding the indicated BRAF proteins, cultured for 14 days, and stained with Giemsa reagent. To quantify focus formation, the integrated pixel
density was determined using ImageJ and normalized to BRAFY®°, (C) Immunoblot of HEK293T cells expressing the indicated BRAF proteins. (D) Immunoblots were
quantified using Image). The bar graph shows pMEK/hemagglutinin (HA) levels (means + SD, n = 3) normalized to BRAF'*°°F, Images are representative of at least three

independent experiments.

the age of 58. Palliative chemotherapy with mFOLFIRINOX [oxali-
platin, leucovorin, irinotecan, and 5-fluorouracil (5-FU)] resulted in
an objective response and was deescalated to 5-FU after 7 months.
At disease progression 4 months later, treatment was changed to iri-
notecan/5-FU [time to progression (TTP), 6 months]. Further treat-
ment lines were nab-paclitaxel/gemcitabine (TTP, 7 months), nal-
irinotecan (TTP, 9 months), and FOLFOX4 (TTP, 2 months). The
patient was then enrolled in NCT/DKTK MASTER, and treatment
was switched to gemcitabine/erlotinib (TTP, 3 months), which was
continued beyond progression due to reduced tumor growth com-
pared to previous regimens and a lack of therapeutic alternatives.
On the basis of the BRAF"™ mutation detected, MEK inhibition
+ RAFi was recommended by the MTB. Unfortunately, no suitable
clinical trial was available at that time, and the patient died 3 months
later at the age of 62.

BRAF™FS Jacks six of the original amino acids of the p3-aC
helix loop but carries two de novo—introduced residues, a phenylal-
anine and a serine, in this segment (Fig. 1A). As this represents a net
deletion of four amino acids, as compared to the previously pub-
lished AB3-aC mutants, and because deletion length influences sig-
naling activity (36, 37), we analyzed the properties of BRAF<'S,
First, we compared the transformation potential of the previously

Lauinger et al., Sci. Adv. 9, eade7486 (2023) 1 September 2023

uncharacterized BRAF"™FS mutant with that of other AB3-aC
mutants (described in fig. S1) and BRAFY®*°" in immortalized
murine embryonic fibroblasts (MEFs) (Fig. 1B). BRAFdclinsFs
induces foci to a similar extent as the other AP3-aC mutants, in-
cluding the previously described but functionally uncharacterized
BRAFANVIAP>F (39) Commensurate with their transformation po-
tential, all mutants activated the ERK pathway in human embryonic
kidney (HEK) 293T cells (Fig. 1, C and D). The MEK/ERK phos-
phorylation potential of BRAF*F*““ mutants was not affected by
the AVKA mutation replacing T599 and S602 by alanine residues
(fig. S1B). This is reminiscent of BRAFV®E which, unlike other
BRAF oncoproteins, signals independent of an intact T***V*?°K$%%>
motif (18, 40, 41), indicating that AS-induced conformational
changes are also dispensable for BRAF*#**“ oncoproteins.

BRAF2#3°¢ mutants require dimerization for oncogenic
signaling and stability

The initial studies disagreed whether BRAF#*“C act as mono- or
dimers and whether they require an intact DIF to unfold their on-
cogenic potential (24, 35, 36). This discrepancy could be explained
by the fact that these laboratories studied different BRAF*#3-%¢
mutants (fig. S1A). Therefore, we assessed the dimerization capacity
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of BRAF™FS which formed heterodimers with RAF1 and dis-
played increased homodimerization potential with coexpressed
BRAFW" and even more pronounced with itself (fig. S1C). This
finding and the aforementioned controversy about the require-
ments of BRAF*#**C mutants for an intact DIF prompted us to sys-
tematically analyze the effects of the R509H and AAE mutations,
either singly or in combination, on the signaling potential of
these oncoproteins (Fig. 2). The typical DIF mutation, R509H,
impairs BRAF homo- and, albeit to a lesser extent, heterodimeriza-
tion (9). The AAE mutation was inspired by the noncanonical APE
motif (AAE) at the C-terminal end of the ARAF AS that indirectly
decreases the dimerization propensity of RAF kinases (24). We in-
cluded BRAFY®?°F a5 a reference for a BRAF oncoprotein that can
signal and transform independent of an intact DIF (9, 11, 24, 42).
Commensurate with previous findings (9, 24), the R509H and AAE
substitutions had a strong and severe impact on the MEK

phosphorylation potential of BRAFW", respectively. In contrast,
BRAF V%% yyas less affected and only the simultaneous introduc-
tion of the R509H and AAE mutations reduced the MEK phosphor-
ylation potential by more than 50% (Fig. 2B). Likewise, the
BRAF*P*%C mutants resembled BRAFV*°F as they remained
highly and moderately active in the presence of the R509H and
AAE alterations, respectively. Only their combination reduced the
MEK phosphorylation potential of BRAFY**°* by more than 70%.
Unexpectedly, the BRAF*#*““ mutants differed in their sensitivity
toward the R509H and AAE mutations, with BRAFA™VTAP>F and
BRAFMNVIAPY heing most resistant (Fig. 2, A and B).
We also assessed the transformation potential of the BRA
mutants in simian virus 40 large T antigen immortalized murine
fibroblasts (MEFs) and compared it with that of BRAFV®F and
BRAF"™", another oncoprotein with lower intrinsic kinase activity
than BRAFY®%F (43) but potent focus formation potential (44).
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Fig. 2. Dimerization is essential for the activity and stability of BRAF**3°C mutants. (A) HEK293T cells were transiently transfected with the indicated HA-BRAF
plasmids. Total cell lysates (TCLs) were analyzed by immunoblot using the indicated antibodies. Vinculin detection serves as a loading control. Images are representative
of three independent experiments. (B and C) Immunoblots were quantified using ImageJ. Data were normalized to the corresponding BRAF protein without the addi-
tional dimerization-impairing mutations R509H and/or AAE. Statistical analysis: means + SD, n = 3, two-way analysis of variance (ANOVA) with Dunnett's test for multiple

comparisons, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant.
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These MEFs display a stringent contact inhibition response that is
only overridden by oncogenic but not WT BRAF (18, 40, 44). As
seen in Fig. 1B and fig. S2A, all BRAF*P**“ mutants caused focus
formation to a similar extent as the high-intensity BRAF"®%°"
mutant, and hence, their transforming activity correlates with
their MEK phosphorylation potential. However, introducing the
R509H and AAE mutations, either singly or in combination, in-
creased the focus formation of MEFs transformed by BRAF*F3-*¢
mutants, albeit this effect was influenced by the individual in-
frame deletion. At first glance, this observation appears counterin-
tuitive but ties in with our previous observation that BRAF onco-
proteins with an intermediate activity, e.g., BRAF™°", are more
effective in driving the proliferation of these MEFs than
BRAFY®F (18, 44). Thus, although all cells expressing
BRAFV***F and the BRAF**** mutants displayed a transformed
morphology (fig. S2B), the correlation between MEK/ERK phos-
phorylation and focus proliferation follows a bell-shape curve
(fig. S2C).

The R509H and AAE mutations increased the electrophoretic
mobility of all BRAF proteins, which probably reflects their de-
creased phosphorylation status due to reduced feedback and trans-
phosphorylation events (45). On closer inspection of the BRAF
bands on well-resolved Western blots (Fig. 2A), we noticed that
R509H and, in particular, AAE reduced the amount of the BRAF
proteins. This apparent reduction was not caused by differences
in phosphorylation status that might interfere with protein transfer
or detection, as dephosphorylation of BRAF*NY™P did not increase
its abundance (fig. S3). To distinguish between an effect on BRAF
stability and abundance differences caused by distinct transfection
efficiencies or transcript production/stability, we exploited the bi-
cistronic design of the hemagglutinin (HA)-BRAF-internal ribo-
somal entry site (IRES)—green fluorescent protein (GFP) cassette
of the pMIG vectors from which HA-BRAF and GFP are coex-
pressed (9). The quantitative assessment of the HA-BRAF/GFP
ratio confirmed that BRAFW levels were hardly affected by dime-
rization-impairing mutations (Fig. 2C). R509H had little to no
effects on the abundance of the high-activity BRAFY°%F class I
mutant, the intermediate-activity class IT mutant BRAFPPL (44),
BRAFAINVIAPZE and BRAFANYTAPY while that of the other
BRAF*P**© mutants was reduced by 30 to 50% (Fig. 2, A and C,
and fig. S4, A and C). Linear regression between GFP-normalized
HA-BRAF expression and HA-BRAF-normalized pMEK levels
upon R509H introduction revealed that, in contrast to the class II
mutant BRAFF?°, the stability of BRAF*P** mutants, as reflected
by their abundance, correlates with their MEK phosphorylation po-
tential (fig. S4, B to D). It should be noted that the effects of the
R509H and AAE mutations on the stability of BRAF*P**¢
mutants were neither quantified nor remarked in the initial publi-
cations (24, 35, 36). Upon densitometry of the Western blot bands
in these three publications, however, we noted that all three studies
showed that the R509H mutation reduced the abundance of all
BRAF*"*%C mutants to a similar extent (fig. S4E).

BRAF2#3-%¢ mutants display high dimerization propensity
and form large multiprotein complexes containing heat
shock protein 90

Given the profound effect of dimer impairing mutations on the ac-
tivity and stability of BRAF*P**“ mutants, we next analyzed their
homodimerization potential (Fig. 3, A and B). This experimental

Lauinger et al., Sci. Adv. 9, eade7486 (2023) 1 September 2023

setup in which the BRAF dimers are purified by anti-HA immuno-
precipitation reveals stable dimers and can discriminate the various
affinities displayed by BRAF mutants. Using this assay, we, and sub-
sequently others applying different methods, demonstrated that
BRAFV%F, despite its ability to signal as a monomer under artifi-
cial circumstances, has a higher homodimerization propensity than
BRAFWYT (9, 17, 46). Unexpectedly, all BRAF*P**C mutants dis-
played an even higher and significantly elevated homodimerization
potential compared to BRAF**°" (Fig. 3, A and B). Nevertheless,
homodimerization was reduced but not abolished by the R509H
mutation, whereas combination of R509H and AAE mutations ab-
rogated the homodimerization potential of all analyzed mutants.
The BRAF*™NVTP>F oncoprotein, whose MEK/ERK phosphoryla-
tion potential was the least affected by the R509H substitution, still
retained more than fivefold homodimerization capacity over
BRAFV*" after introducing this DIF mutation.

Almost all high-activity BRAF point mutants, except for a few
variants such as the highly dimerization-proficient BRAF***** on-
coprotein, require the heat shock protein 90 (HSP90)/CDC37 chap-
erone complex for their activity (47, 48). In addition, BRAFV600E
forms large multiprotein complexes with this chaperone (23). As
the requirement and affinity of BRAF*#**© mutants for HSP90
remains unknown, we assessed the HSP90 levels in immunoprecip-
itates and observed increased HSP90 binding compared to
BRAFWT, albeit to a different extent (Fig. 3, A, C, and D). The
only exception is BRAFA™YTAPE wwhich exhibits no significant dif-
ference in HSP90 recruitment compared to BRAF"". The dimeri-
zation impairing R509H and AAE mutations further increased the
interaction between HSP90 and the various BRAF*P*““ mutants.
Nonlinear regression of precipitated BRAF*P**“ mutants and
HSP90 revealed a negative correlation among BRAF*P*C
mutants between homodimerization and HSP90 binding (fig.
S5A), suggesting that dimerization and HSP90 binding cooperate
and potentially compensate each other in stabilizing BRAF#*¢
mutants. Using blue native polyacrylamide gel electrophoresis
(BN-PAGE) and size exclusion chromatography-based proteomics,
we demonstrated previously that hyperactive and dimeric
BRAFV*F predominantly occurs in a large multiprotein complex
enriched with HSP90 and its co-chaperone CDC37, while BRAF"”
is mostly confined to a small complex (9, 23). Therefore, we applied
BN-PAGE to compare the sizes of multiprotein complexes contain-
ing either BRAF"", BRAFV"°F, BRAF*NVTAP or BRAFAINVTAPSE
This analysis revealed that the propensity of BRAFV*F to form a
large multiprotein complex was even further enhanced in both
BRAF*#*°C mutants, as the small complex almost completely dis-
appeared in these samples (Fig. 3E and fig. S5B). This effect was
most pronounced in lysates from cells expressing BRAFANYVTAPE
which displayed a particularly large complex of >880 kDa. Albeit to
a lesser extent, this complex was also observed in lysates from
BRAF*NVTAP byt not detected in those expressing BRAFY*°°F or
BRAF"™. The increasing abundance in large BRAF complexes
and the emergence of the >880 kDa complex correlate with the
strongly increased dimerization potential of both BRAFAP*¢
mutants compared to BRAFY*°°F (Fig. 3B). Given the unexpected
finding that BRAFA™NVTAP>F yplike the other BRAFAP*¢
mutants, did not differ from BRAF"" in terms of HSP90 recruit-
ment (Fig. 3, A, C, and D), we analyzed the colocalization
between BRAF, CDC37, and HSP90 in BN-PAGE experiments
and the association of the three proteins by coimmunoprecipitation
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Fig. 3. BRAF**3°C mutants form
exceptionally stable dimers, with
varying sensitivities to the R509H
mutation and affinity toward each
other and heat shock protein 90. (A)
The indicated HA- or Myc-tagged
BRAF proteins were coexpressed in
HEK293T cells. BRAF complexes were
precipitated with an anti-HA antibody.
Immunoprecipitates and TCLs were
analyzed by immunoblot using the
indicated antibodies. TCLs confirm the
expression of heat shock protein 90
(HSP90) and the BRAF proteins in
question for all coimmunoprecipita-
tions. Images are representative of
three independent experiments. IP,
immunoprecipitation. (B to D) Immu-
noblots were quantified using ImageJ.
Bar graphs show copurified Myc-BRAF
(B) or HSP90 [(C) and (D)] per precipi-
tated HA-BRAF. Statistical analysis:
means + SD, n = 3, one-way (C) or two-
way [(B) and (D)] ANOVA with Tukey's
[(B) and (C)] or Dunnett’s (D) test for
multiple comparisons, *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001. (E)
Analysis of BRAF complexes by BN-
PAGE. HEK293T cells expressing the
indicated BRAF proteins were cultured
in the presence of the HSP90 inhibitor
XL888 (1 uM) or vehicle control for 4
hours, followed by lysis. TCLs were
analyzed by Western blotting follow-
ing BN-PAGE (left), using the indicated
antibodies. To confirm the inhibition
of HSP90 binding, BRAF complexes
were precipitated using an anti-HA
antibody, followed by SDS-PAGE and
Western blotting. TCLs confirm com-
parable expression levels of CDC37,
HSP90, and the BRAF proteins in
question for coimmunoprecipitation
and BN-PAGE. Representative images
for two biological replicates are
shown. See also fig. S5B.

(Fig. 3E). CDC37, which recruits kinases to HSP90, was enriched in
large complexes comigrating with that of BRAFV®°® and
BRAF*NY™P and this colocalization was almost abolished by the
clinically tested HSP90 inhibitor XL888 (49). As expected from
the coimmunoprecipitation experiments shown in Fig. 3 (A, C,
and D), CDC37 was less abundant in large complexes comigrating
with those organized by BRAFA™YTAP>F Unfortunately, we could
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not identify an HSP90 complex that comigrated with the large
BRAF-containing complexes in our BN-PAGE experiments. We
assume that the epitope for the anti-HSP90 antibody is not accessi-
ble in native complexes because HSP90 and CDC37 were readily de-
tected as XL888-sensitive interactors in SDS-PAGE-resolved and,
hence, denatured BRAFV*F and BRAF*NY™ coimmunoprecipi-
tates from this experimental setup (Fig. 3E).

6 of 22

$202 ‘€0 Arenue[ uo youny jo ANSISATU() Je S10°90UI0S" MMM //:SANY WOy popeo[umo(]



SCIENCE ADVANCES | RESEARCH ARTICLE

Together, our BN-PAGE and coimmunoprecipitation experi-
ments indicate that the CDC37/HSP90 complex is present in the
large molecular mass complexes typically formed by BRAFY®%°"
and BRAF*NVTAP but not BRAFA™NYTAPE Our data also show
that BRAF oncoproteins do not form one but multiple high molec-
ular mass complexes and that the >880 kDa complex observed pre-
dominantly in BRAFA™YTAP>F_expressing cells predicts a
multiprotein assembly independent of HSP90/CDC37.

Vulnerability of BRAF*f3-*C mutants toward HSP90
inhibition correlates with their dimerization propensity

The reduced abundance of BRAF*P*"*“ mutants could be linked to
an inherent instability that is compensated by increased homodime-
rization and/or HSP90 binding. To address these hypotheses, we
generated Braf-deficient MEFs harboring tetracycline (tet)-regulat-
ed expression vectors for the BRAF proteins in question to monitor
their longevity following tet washout (fig. S6). BRAFYY, its R509H/
AAE counterpart, and BRAF*"™VT™"F displayed longer half-lives
than BRAFA*NVTAP 3 d BRAFV60OF (fig. S6, A to C). Our calculated
half-life of BRAF'°°°" in MEFs was in a similar range as reported
for HEK293T cells (50). In agreement with the reduced BRAF levels
shown in Fig. 2, impairing the dimerization potential of
BRAFAMNVTAPE by the R509H/AAE mutations reduced its half-
life into the range of BRAF*NVTAP 4nd BRAFYOE (fig. S6C).

Next, we investigated whether XL888 would affect the stability of
BRAF*P**C oncoproteins (Fig. 4, A and B, and fig. 7). XL888
caused a noticeable depletion of BRAF*NVP down to 50%. In con-
trast, BRAF*"™VTAP"F Jevels were only mildly reduced at 8 hours
and comparable to those of BRAF"". In line with Fig. 3, increased
HSP90 binding induced by reduction of dimerization potential
(R509H AAE) sensitized BRAF*™V'APY and BRAFW' for
HSP90 inhibition. This suggests that BRAF**** mutants are less
stable and are stabilized to a different extent by increased dimeriza-
tion or HSP90 binding.

To confirm the decreased stability and enhanced XL888 sensitiv-
ity of an endogenously expressed BRAF*F*** mutant, we estab-
lished an approach using the human ovarian carcinoma cell line
OV-90 in which we can monitor the coexpression, as suggested
by genomic polymerase chain reaction (PCR) (fig. S13A), and abun-
dance of BRAF"" and BRAF*NV™? side by side. By looking at the
distribution of trypsin cleavage sites in BRAF, we reasoned not only
that MS would allow us to detect a peptide specific for the ANVTAP
deletion but also that HSP90 inhibition should trigger its depletion.
The BRAF*NYTAP_derived peptide was reduced by 50% upon X1888
treatment, whereas the abundance of the BRAFW ' peptide was un-
affected (Fig. 4C). Our MS approach might be also of diagnostic in-
terest as it could be useful to confirm the endogenous expression of
similar oncoproteins generated by short in-frame deletions/inser-
tions, e.g., epidermal growth factor receptor (EGFR) and HER2
(36), which cannot easily be distinguished from their WT counter-
parts by Western blotting or by immunohistochemistry.

BRAF“P3>-9C mutants differ in their sensitivity toward type
I'”2 inhibitors but are all blocked by type Il compounds
However, how could tumors with BRAF**"*® mutants be treated
with targeted therapy? MEK inhibitors (MEKi) would be an
obvious choice as trametinib blocked ERK pathway activation by
all BRAFAP3-aC oncoproteins (fig. S8A). We also searched for a strat-
egy directly inhibiting BRAF*P*"*“ mutants as such a RAFi could be
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very useful, either in a monotherapy setting or as a component of a
vertical pathway inhibition strategy (51). In the initial studies,
however, the tested BRAF*P*““ mutants were not blocked by the
type I''? inhibitor vemurafenib, while they remained sensitive
toward the type I inhibitor GDC-0879 and the type II inhibitors
LY3009120 and AZ-628 (35, 36). We confirmed these findings for
LY30009120 and vemurafenib and extended them to other
BRAF*P*%C mutants (fig. S8, B and C).

As the phase 1 trial of LY3009120 was terminated because of in-
efficacy (52) and GDC-0879 as well as AZ-628 have not progressed
beyond preclinical testing [(19) and our own research on https://
clinicaltrials.gov], we first analyzed the sensitivity of the highly
active and dimerizing BRAFA'"™VTAP>F oncoprotein toward other
type Il inhibitors, including the clinically applied sorafenib and cur-
rently trialed inhibitors such as belvarafenib (53) and naporafenib
(LXH254) (54). We also tested the clinically available type 12 inhib-
itors dabrafenib and encorafenib for their activity against
BRAF'NVTAPE ‘While few data are available for dabrafenib for
BRAF*NVTAP (35 the activity of encorafenib against BRAFAF*-2¢
mutants is unknown. Both type I'/? inhibitors were ineffective
against BRAFA"™YTAP>F (fig S8D). In contrast, all type IT inhibitors
impaired MEK/ERK activation by BRAFAMNYVTAPE,

Given the poor sensitivity of BRAF*P>*“ mutants toward ve-
murafenib (fig. S8C), the clinical availability of dabrafenib and en-
corafenib, and their distinct effects on kinase domain conformation
(19), we compared the sensitivity of additional in-frame deletion
mutants to these type I'’? inhibitors and naporafenib. HEK293T
cells expressing BRAFY " served as reference for successful inhi-
bition by dabrafenib and encorafenib. While encorafenib was quite
ineffective in reducing MEK phosphorylation triggered by all
BRAF“P*“C mutants, dabrafenib inhibited BRAF“NVTAP and
BRAFAVTAPTP>A b ot BRAFALNVTAPSE pp A pALNVIARSY g
BRAF!™FS Notably, we rather observed a trend for increased
MEK phosphorylation in cells expressing BRAF*™NVTAP>F a4
BRAFAMNVIAP>Y treated with these type I'/2 inhibitors (Fig. 5, A,
B, E, and F). In contrast, the type II inhibitor naporafenib was effec-
tive against all BRAF*P*““ mutants (Fig. 5, C to G). As often ob-
served in these experiments and probably reflecting the multiple
feedback loops and rheostasis mechanisms operating in the RAS/
ERK pathway (40, 55-58), the RAFi-mediated effects were more
pronounced at the level of MEK than ERK phosphorylation. Nev-
ertheless, pERK levels followed similar trends (fig. S9).

Given the contrasting efficacies of type I'> compounds against
the various BRAF*P*"*“ mutants, we next assessed their affinity in a
cellular thermal shift assay (CETSA) in which drugs stabilize their
target against heat-induced denaturation in cellulo (59). Thermal
stability of the dabrafenib-sensitive mutants BRAFANYTA? and
BRAFV®F (positive control) was increased by dabrafenib,
whereas that of the insensitive BRAF*"™VA"*F oncoprotein re-
mained unaffected, indicating inefficient drug accommodation
(fig. S10, A to D). Thus, CETSA confirms the suspected variation
in binding efficiency of dabrafenib to BRAF*#**“ oncoproteins.
BRAFAMNYTAPF 4 ctivity, monitored via phospho-MEK levels (fig.
S10E), was eventually inhibited in the presence of 100 uM dabrafe-
nib, an exceptionally high concentration not achievable in a thera-
peutic setting, suggesting that drug binding to BRAFAMNVTAPF i
not completely prevented. This impaired drug binding could
explain the observed paradoxical activation in BRAFAMNVTAP>E
and BRAFANVTAP*Y_expressing HEK293T cells treated with
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Fig. 4. BRAF*F3°C mutants show enhanced susceptibility to HSP90 inhibition. (A) Expression of the indicated BRAF proteins in lentivirally transduced MEF lines was
induced by tet addition for 72 hours, followed by addition of XL888 (1 uM). Cells were lysed after the indicated XL888 treatment periods, and HA-BRAF levels were
quantified by Western blot. (B) BRAF levels were normalized to a-tubulin. Bar graph shows the reduction of BRAF levels after 8 hours. Statistical analysis: means +
SD, n = 3, one-way ANOVA with Tukey's test for multiple comparisons, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (C) Following cultivation of OV-90 cells in
the presence of 1 uM XL888 or control [dimethyl sulfoxide (DMSO)] for 24 hours, endogenous BRAF was purified and digested with trypsin before MS. Abundances of the
BRAFT (MLNVTAPTPQQLQAFK)- and corresponding BRAFANY™P (MLTPQQLQAFK)—derived peptides were compared between control (DMSO) and XL888-treated cells.
Peptide abundance for both proteins purified from DMSO-treated cells was set to 1 and was measured in technical triplicates. Statistical analysis: means + SEM, unpaired,

two-tailed t tests, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. AU, arbitrary units.

encorafenib or dabrafenib (Fig. 5, A, B, D, and E). In cells expressing
dabrafenib-/encorafenib-receptive mutants like BRAF*NYTAP the
applied inhibitor concentration saturated most protomers. In con-
trast, the same concentration is only subsaturating in cells express-
ing variants like BRAFA'"NVTAP>F and BRAFANYIAPY that display
a reduced binding affinity to these type I'/> compounds. The few
drug-bound BRAFANVIAPENY rotomers, however, that manage
to take up these inhibitors might serve, because of their high dime-
rization propensity (Fig. 3B), as highly potent allosteric transactiva-
tors of drug-free RAF protomers, resulting in paradoxical MEK
phosphorylation (60, 61). This model is supported by Yuan et al.
(24), showing that other BRAFAP3-aC oncoproteins rendered
kinase-inactive by mutation serve as allosteric transactivators. Alter-
natively, but not excluding the first model, it might be possible that
BRAFAMNVIAPE 4 d BRAFAINYTAPY yhich are less likely occu-
pied by type I'"* compounds, are further activated by drug-bound

Lauinger et al., Sci. Adv. 9, eade7486 (2023) 1 September 2023

WT BRAF or RAF1, as both isoforms take up dabrafenib and encor-
afenib in the single-digit nanomolar range (62—64).

Next, we asked whether the high homodimerization propensity
of BRAF*™YTAPF ¢4uld explain its dabrafenib resistance by nega-
tive allostery (19, 65) and introduced the R509H mutation, either
singly or in combination with the AAE substitution, into this onco-
protein. Unexpectedly, these alterations did not restore dabrafenib
sensitivity, suggesting that other mechanisms modulate dabrafenib
affinity of BRAF*P** mutants (fig. S11).

In search of an explanation for the varying properties of the an-
alyzed BRAF“*P“C mutants, we noticed that BRAF*NYTAP)
BRAFANVIAPZE and BRAFANYVTAPY only differ in the amino
acid residue at position 485 (fig. S1), with BRAFANVIAPSE Logem-
bling the previously described point mutation L485F (41). Notably,
while representing a smaller net deletion, BRAF!™FS also substi-
tutes L485 by a phenylalanine residue, and the tyrosine introduced
into BRAF*™NYTAP>Y might entertain similar hydrophobic
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Fig. 5. BRAF*P3* mutants exhibit varying sensitivity to encorafenib and dabrafenib, but all of them are potently inhibited by dimer-targeting naporafenib. (A

D) The indicated HA-BRAF proteins were transiently expressed in HEK293T cells. Before lysis, cells were treated with encorafenib (0.5 uM), dabrafenib (1 pM), napor-
afenib (1 uM), sorafenib (10 pM), or vehicle control (DMSO) for 4 hours. The lysates were analyzed by immunoblot using the indicated antibodies. (E to H) Immunoblots
were quantified using Imagel. Bar graphs show calculated fold changes (inhibitor/control) of phospho-MEK levels normalized to HA-BRAF. The indicated inhibitors were
compared to vehicle control (E) to (G) or each other (H) for each BRAF protein. BRAFV%%F served as a control. Statistical analysis: means + SD, n = 3, unpaired t tests with
Holm-Sidak correction for multiple comparisons (E) to (G) or two-way ANOVA with Tukey's test for multiple comparisons (H), *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001. Quantified phospho-ERK levels are shown in fig. S9.
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interactions. In BRAF"*®>F, F485 has been implicated to interact we tested whether replacing F498 by an alanine residue could abro-

with F498, thereby creating a critical hydrophobic network that  gate the differences between BRA

FAP3-*C mutants (fig. $12, B and

contributes to increased kinase activity and resistance to type I'>  C). Unexpectedly, the F498A substitution strongly reduced the ac-
inhibitors, including dabrafenib (41, 66). As suggested by structural  tivity of BRAF*NVTF although the proposed aromatic interaction
models of BRAF*NV TP and BRAF*™VTAPF this aromatic interac-  of F498 cannot be established in this mutant as L485 remains pre-
tion could also be established in BRAF*F** o’ variants exhibiting an  served (fig. S12A). In addition, the moderate reduction of
aromatic amino acid residue at position 485 (fig. S12A). Therefore, ~BRAFY®"°F activity upon F498A introduction suggests a broader

Fig. 6. Encorafenib, dabrafenib, and na-
porafenib block the growth of
BRAF“#3-* mutant-expressing cell lines
with varying efficacy. (A) Cells were cul-
tivated in the presence of trametinib (5
nM), encorafenib (0.5 pM), dabrafenib (1
UM), naporafenib (1 uM), or vehicle control
(DMSO). OV-90, NCI-H2405, and BxPC3 cells
were fixed and stained with crystal violet
after 16, 21, or 18 days, respectively. (B to E)
The colonized area was determined using
Imagel. Bar graphs show the colonized
area of inhibitor-treated cells normalized to
the area of those treated with vehicle
control. Statistical analysis: means + SD, n =
3, two-way ANOVA with Tukey's test for
multiple comparisons, *P < 0.05, **P < 0.01,
**%p < 0.001, ****P < 0.0001. (F to H)
Western blot analysis showing the effect of
the applied RAFis on MEK/ERK phosphory-
lation in the three cell lines. Detection of
HSP90 serves as loading control. The cor-
responding quantification of pMEK levels is
shown in fig. S15 (A to C). (I to L) Heatmaps
showing the antiproliferative effect of tra-
metinib, encorafenib, dabrafenib, and na-
porafenib on BRAFA#3%C mutant-
expressing cancer cell lines. Following in-
cubation with inhibitor or vehicle control
for 96 hours at the indicated concentra-
tions, the metabolic activity was measured
by XTT assay and normalized to vehicle
control (n = 3). (M) Antiproliferation 1Csq
values were calculated by nonlinear fitting
using GraphPad Prism 9. Calculated fitted
curves are shown in fig. S15 (D to G).
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and hitherto unrecognized role of F498 in BRAF activity extending
beyond the previously proposed interaction with L485F. In contrast
to BRAFANVTAP b MEK levels of BRAFAMNVTAPPF g d BRAFACInsFS
were only mildly reduced, suggesting that the de novo—inserted ar-
omatic amino acid residue of BRAFAMNYVTAPF o BRAFINFS could
compensate for the loss of F498. In agreement with the model pos-
tulating an aromatic F485-F498 interaction (41, 66), the F498A sub-
stitution reduced the intrinsic dabrafenib resistance of
BRAFAINVIAPE albeit by only 50% (fig. S12, D and E). While
our manuscript was in initial review, we identified a previously un-
identified exon 12 in-frame deletion mutant, BRAF*"V™F in a
melanoma case. This mutant provides an independent conforma-
tion for our hypothesis that aromatic amino acid residue substitu-
tions of L485 play a central role in rendering BRAF****“ mutants
resistant to type I'/? inhibitors. BRAF*"™VT"F differs from the pre-
viously characterized type'’? inhibitor—resistant mutants by its
shorter net deletion of three amino acids (fig. S1). However, 1485
was also substituted with a phenylalanine residue. As predicted
from our analyses on BRAF*P*““ variants with aromatic de novo
amino acid insertions at position 485, BRAFA™NYTF yas insensitive
to dabrafenib. In contrast, naporafenib and sorafenib efficiently
blocked the signaling output of BRAF*"™V™F (Fig. 5, D and H).
In summary, all four BRAF*P*““ variants with aromatic de novo
amino acid insertions show intrinsic dabrafenib resistance.

Naporafenib blocks the proliferation of human cell lines
expressing endogenous BRAF*#3-* oncoproteins

The well-defined heterologous HEK293T system provides a strong
advantage when comparing BRAF oncoproteins for their signaling
output and druggability as it allows the comparison of the various
mutants in question without the interference by cell line—specific
comutations—a problem that might arise when comparing multiple
cell lines. A disadvantage of this approach, however, is the ectopic
overexpression of the oncoprotein in question outside of its histo-
logical context. This is particularly important as the histological
context, which is mainly defined by the ontogeny of the cancer
cell and its tumor microenvironment, is responsible for the con-
trasting drug responsiveness of various BRAF"**’F-driven tumor
entities (67, 68). Therefore, we assayed the drug responsiveness of
three cell lines derived from ovarian (OV-90), non-small cell lung
(NCI-H2405), and pancreatic (BxPC3) carcinoma that harbored
three distinct endogenous BRAFP*"“C oncoproteins, as we con-
firmed ourselves (fig. S13, A to C). Again, naporafenib and, as ex-
pected from its action downstream of BRAFA#-aC oncoproteins,
trametinib suppressed colony growth in all cell lines by more
than 90% (Fig. 6, A to L). In contrast, encorafenib was less effective
in all three cell lines, while the effects of dabrafenib on colony
growth differed between the cell lines with the BRAFANYTAP_ex-
pressing cell line OV-90 being the most sensitive. The high BRAF
dependency of OV-90 is also reflected by the DepMap tool (https://
depmap.org/portal/) that lists BRAF within the top 10 most essen-
tial genes for this but not the other two cell lines. Western blotting
confirmed the successful but variable inhibition of the MEK/ERK
pathway in all three cell lines, with the OV-90 cell line again re-
sponding best to encorafenib and dabrafenib (Fig. 6, F to H, and
fig. S14, A to C). BxPC3 displayed the highest BRAF levels of
these three cell lines, which agrees with the reported tetrasomy of
the BRAF-containing chromosome 7 (69). As type I'/ inhibitor ef-
ficacy is modulated by the expression level of BRAF (70) and the
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ratio between its WT and mutant versions differing in drug affinity
(63, 64), it should be also kept in mind that NCI-H2405 lacks a
BRAF™T allele, while OV90 and BxPC3 contain BRAFW' and
BRAF*P3-9C glleles (fig. S13, A to C).

As naporafenib is still awaiting clinical approval, we asked
whether sorafenib, a clinically extensively used type II inhibitor
that has been crystalized with BRAF*NYTA? (36), would yield
similar effects (fig. S13, D and E). Four and ten micromolar sorafe-
nib significantly reduced colony growth in all cell lines with endog-
enous BRAF*P“C mutations, and even 1 uM led to a slight but
significant reduction in colony growth in OV-90 and NCI-H2405
cells. As these sorafenib concentrations are widely used in the
field (28, 71, 72) and because peak plasma concentrations of up to
20 uM range were reported (73, 74), our data suggest that this clin-
ically available type II inhibitor could be further explored for the
treatment of tumors driven by BRAF*#*“ oncoproteins.

Next, we performed metabolic 2,3-bis-(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilid (XTT) assays to deter-
mine half-maximal inhibitory concentration (ICs) values for the
three RAFi and trametinib in the three human cell lines with endog-
enously expressed BRAF*P*““ oncoproteins (Fig. 6, I to M, and fig.
S14, D to I). Similar to the colony growth and Western blot assays,
the calculated ICs, values and the heatmaps demonstrate the rela-
tively uniform responses of all three human cell lines to trametinib
and naporafenib, while those to the type I’ inhibitors encorafenib
and dabrafenib varied considerably. Unexpectedly, we observed
paradoxical metabolic activity in the pancreatic adenocarcinoma
cell line BxPC3 at high dabrafenib concentrations, which precluded
us from determining an ICs, for this cell line. As this phenomenon
was not observed in the other cell lines, we exclude an artifact
caused by chemical interference between dabrafenib and XTT. In
addition to trametinib and the various RAFi, the ERK inhibitor
ulixertinib (75, 76) was similarly effective at clinically achievable
concentrations in all three cell lines (fig. S141).

Moreover, because BxPC3 expresses the BRA
variant, which was as efficiently inhibited as BRAF*NVTAP by
both type I'" inhibitors in the HEK293T system (Fig. 5), we expect-
ed that the antiproliferative effects on OV-90 and BxPC3 cells would
be comparable. To further investigate why BxPC3 differed so dras-
tically from OV-90, we analyzed the phosphorylation status of
EGFR and AKT, as we suspected an up-regulation of metabolic pro-
cesses by compensatory hyperactivation of these signaling elements,
e.g., by relief from MEK/ERK-mediated negative feedbacks or cross-
talk (55, 77-80). These analyses revealed two interesting differences
between the three cell lines (fig. S14J). First, OV-90 lacked the
prominent expression and autophosphorylation of EGFR observed
in NCI-H2405 and BxPC3 cells. Second, BxPC3 exhibited high
levels of AKT phosphorylated at the activating mTORC2 phosphor-
ylation site S473 (81), which was further augmented by dabrafenib
or naporafenib. This up-regulation might reflect the negative cross-
talk between the ERK and AKT pathways that has been described
for various cell types, including BxPC3 cells (80, 82). Thus, in ad-
dition to the aforementioned differences between the three
BRAF“#*°C oncoproteins in terms of their RAFi sensitivity, differ-
ences in EGFR expression/activity and/or AKT activity could
explain the increased sensitivity of OV-90 cells to the three RAFi
and trametinib. Conversely, the unexpected mild-to-moderate
effects of type 1" inhibitors on BxPC3 cells could be due to the
high activity of the PI3K/AKT signaling axis and the relief of
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EGEFR from negative feedback (78, 79). Nevertheless, how napora-
fenib achieves substantial inhibition across the three cell lines
(Fig. 6L), despite promoting phospho-AKT levels as well, requires
further study. Collectively, these data, and, in particular, the pheno-
type of BxPC3 cells, demonstrate that the comparison of human cell
lines with similar alterations in the pathway of interest is confound-
ed by alterations such as co-mutations or chromosomal aberrations
specific to each cell line and potentially cell-of-origin-related differ-
ences in gene expression.

Given the efficacy of the type II compounds naporafenib and
sorafenib across all BRAF*#**C oncoproteins (Figs. 5 and 6 and
fig. S8D), we combined them with the MEKi trametinib, which
further increased the efficacy of these RAFi at nanomolar concen-
trations (Fig. 7, A to F). Notably, the sorafenib/trametinib combina-
tion has already been applied in the context of BRAF class III
mutations (83) and advanced hepatocellular carcinoma (84),
while first clinical data on naporafenib/trametinib combinations
have recently been published for NRAS-driven melanoma (85).
We also tested whether the efficacy of naporafenib could be
further improved by the HSP90i XL888, which shows clinical activ-
ity in combination with vemurafenib in melanoma (49, 86). In all
three cell lines, however, XL888 exhibited a narrow range between
not being additive to naporafenib and too toxic by itself to discern
additive/synergistic effects with this RAFi (fig. S14, K to M). In
summary, our analyses support the concept that the responsiveness
of human cell lines expressing BRAF*P*%€ oncoproteins toward
dabrafenib and encorafenib is modulated by the details of the
BRAF in-frame deletion and their cellular context. In contrast,

type II inhibitors, the MEKi trametinib, and the ERKi ulixertinib
all impair viability in a uniform manner. Moreover, because sorafe-
nib and trametinib were approved more than 10 years ago and
because naporafenib is currently in clinical phase 2 trials, our data
highlight potential clinically realizable vertical combination thera-
pies for BRAF*#**“_driven tumors.

Confirmation of type Il RAFi efficacy in patient-derived
organoids

As the three cell lines investigated have been established more than
two decades ago, we next screened patient-derived organoids
(PDOs) or associated unpublished datasets available to us for
BRAF exon 12 in-frame deletions. We identified two PDAC
PDOs harboring BRAF*NVTAP mutations and investigated their
drug responsiveness. The first dataset was derived from the
COMPASS-0196 (NCT-04469556) PDO that was already drug
tested before we identified the efficacy of naporafenib on
BRAF*#** mutants. In this PDO, the type II RAFi LY3009120,
the two MEKi binimetinib and trametinib, and the ERKi
SCH772984 were highly effective in suppressing PDO growth,
while dabrafenib and encorafenib were only effective at very high
concentrations (Fig. 8A). The underlying molecular mechanism
remains unclear at present, but the presence of an ERBB3%**’ mu-
tation, which is uncharacterized so far but is located in subdomain
IV involved in dimerization control of this receptor tyrosine kinase
(RTK), and a slight copy number variation (CNV) gain in KRAS
(four copies) might have contributed to the paradoxical action of

dabrafenib.
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curves were calculated using GraphPad Prism 9.
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Given the aforementioned failure of LY3009120 in clinical trials
and the data shown in Figs. 5 and 6, we generated another dataset of
the B188 PDO using the type II RAFi naporafenib and sorafenib, the
type I'"* compounds dabrafenib and encorafenib, as well as the
MEKi trametinib. Trametinib and also both type II RAFi potently
suppressed the viability of the PDO at clinically achievable concen-
trations (Fig. 8, B and C). Similar to the COMPASS-0196 PDO, dab-
rafenib and also encorafenib only showed slight effects at very high
concentrations. As this finding is in contrast to the dabrafenib sen-
sitivity of BRAFANYT mutant OV-90 cells, we screened the next
generation sequencing (NGS) data of the B188 PDO for potential
resistance mechanisms. Notably, we identified a previously uniden-
tified E138Q mutation in GNA13 (fig. S13C). Although this muta-
tion represents a variant of unknown significance, RAS/ERK
activation has been observed in cells overexpressing this heterotri-
meric G protein subunit (87, 88). Consequently, one could envisage
a paradoxical action of type I'? inhibitors. Alternatively, but not
excluding these possibilities, it is possible that, in contrast to the
simple OV-90 culture medium, the organoid media enriched with
EGF and fibroblast growth factor 10 (FGF10) could have

Lauinger et al., Sci. Adv. 9, eade7486 (2023) 1 September 2023

contributed to paradoxical action of the type I'"* compounds and
therefore could have blunted drug responses in both PDO
models. In that regard, we combined dabrafenib with an allosteric
SHP2 inhibitor to lower physiological RAS signaling (Fig. 8B). Al-
though this compound by itself lowered viability by 25%, we did not
observe significant additive effects with dabrafenib. Thus, identify-
ing these confounding factors of dabrafenib resistance represents a
project beyond the current study. Nevertheless, our cell line and
PDO data already show that the BRAF exon 12 genotype represents
only one criterion for inhibitor choice. Even if a dabrafenib-sensi-
tive mutant is encountered, the spectrum of co-mutations and/or
the ground state of the signaling network, e.g., RTK expression
levels, might critically modulate dabrafenib responses. This
insight represents a strong encouragement for more comprehensive
genomic profiling before therapy. Moreover, a switch to type II in-
hibitors should be considered if primary or secondary drug resis-
tance phenomena are encountered during dabrafenib therapy
(fig. S16).
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DISCUSSION

As comprehensive mutational screening of the entire BRAF coding
sequence becomes diagnostic routine, more alterations outside of
the classical hotspot exons 11 and 15 are discussed in MTBs. We
noticed an increase in enquiries and literature concerning BRAF
exon 12 alterations, most notably AB3-aC in-frame deletions (31,
32, 34, 39, 89). For example, 3.15% of KRAS WT PDACs analyzed
in a multicenter study carried such alterations (90). Depending on
the cohort, Chen et al. (35) reported a prevalence between 2.3 and
7.1% in KRAS WT pancreatic carcinoma. Considering the 458,918
new cases of pancreatic carcinoma reported in 2018 (91) and that
~5 to 10% of these lack KRAS alterations, we estimate that several
thousand patients of this disease group alone will be potentially di-
agnosed with druggable BRAF#*““ mutants annually. We expect
that more exon 12 variants will be found in the future, and here, we
extend their spectrum by identifyin§ and characterizing two previ-
ously unidentified mutants, BRAF¥™S and BRAF*"™VT>F, The
BRAF“#*“C mutants originally identified within human neoplasms
have been recently observed in 19% of canine urothelial carcinoma
(92), highlighting the possibility that studying their pathobiology
and druggability will bridge between human and veterinarian
oncology.

From our experience, two major questions are recurrently raised
in MTBs regarding BRAF“#**C mutants. The first concerns their
general relevance as oncogenic drivers, in particular, as activity cor-
relates with deletion length (36, 37). So far, all BRAF*P*9C mutants
turned out to be very potent oncogenic drivers and BRAF?"™ and
BRAFA™NVTE despite their shorter deletion, are no exception. On
the basis of our functional analyses (Fi§. 2, A and B) and previous
studies (35, 66), we posit that all BRAF****“ oncoproteins owe their
high signaling potential to their high dimerization propensity that
stems from their aC helices locked in the IN position. In that regard,
BRAF*P*°C oncoproteins imitate a conformation into which WT
RAF proteins are transferred during dimerization. Recent structural
modeling proposes that dimerization breaks protomer-internal hy-
drophobic interactions mediated by so-called n-n stacking and re-
places them with intermolecular m-n bonds formed between
aromatic amino acid residues in both protomers (15). These inter-
actions reorientate the aC helix and the HRD motif, leading to
kinase activation through R-spine formation (41, 93). Consequent-
ly, the high dimerization propensity of BRAF*P*-* oncoproteins
promotes full kinase activation and MEK phosphorylation, which
is facilitated by dimeric RAF (24).

The second and even more pressing question is which targeted
therapy compounds are the most appropriate for treating tumors
carrying BRAF exon 12 in-frame deletions. Given the high activity
of BRAF*#**© mutants, tumors driven by these oncoproteins
qualify for a treatment regimen involving MEKi, as also reflected
by therapeutic responses of several PDAC cases (31, 34) and a Lang-
erhans cell histiocytosis (LCH) (94). In BRAFY**F-driven tumors,
however, MEKi are usually combined with BRAF"***_selective
drugs to achieve more sustainable therapeutic outcomes (95). On
the basis of pathway topology, it can be expected that this concept
is also applicable to other cancers driven by highly active non-
V600E BRAF mutants. Moreover, the emerging concept of low-
dose vertical pathway inhibition (51, 96) highlights the necessity
to identify compounds effectively and directly inhibiting
BRAF*#**C oncoproteins for future treatment regimen. Here, we

Lauinger et al., Sci. Adv. 9, eade7486 (2023) 1 September 2023

show that oncogenic signaling by all BRAF*P*““ mutants we inves-

tigated can be efficiently inhibited by the type II RAFi naporafenib
and sorafenib. As these drugs are in clinical trials and use, respec-
tively, our data might inform decisions concerning the inclusion of
patients into clinical trials involving naporafenib and other emerg-
ing third-generation RAFis, or to recommend off-label and com-
passionate use of sorafenib. As suggested previously (35, 36) and
as extended by fig. S8D, other type II inhibitors in (pre)clinical de-
velopment might represent attractive alternatives as well.

The varying efficacy of the type I'"* inhibitors vemurafenib, dab-
rafenib, and encorafenib against BRAF*#**“ mutants represents an
interesting aspect from both a clinical and a basic kinase biochem-
istry perspective. We confirm previous observations that vemurafe-
nib is ineffective against BRAF*PC mutants (35, 36), while
encorafenib, an inhibitor not yet tested on these oncoproteins,
shows limited and probably insufficient activity. In line with case
reports demonstrating therapeutic responses of two BRAF*NYTAP.
positive PDACs (89, 97) and an LCH (98) to (initial) dabrafenib
monotherapy, we [and (35)] show that dabrafenib strongly sup-
presses BRAF*NYTAP_driven MEK/ERK phosphorylation in OV-
90 cells. While our manuscript was under review, another case
report presented an at least 18-month-lasting partial response of a
melanoma containing a similar BRAF*™Y ™" mutant to dabrafenib/
trametinib combination therapy (99). As there is now more than a
decade of clinical experience with dabrafenib, the efficacy of this
compound against BRAF*P*“C oncoproteins is of particular inter-
est. Chen et al. (35), however, observed that dabrafenib only had
minimal effects on MEK/ERK phosphorglation in NCI-H2405
(BRAFAMNYVTAPYY and BxPC3 (BRAFAYTAPTP>AY cells. We repro-
duced these findings (Fig. 6G) and decided to use our heterologous
HEK293T model, which does not harbor the caveat of distinct
genetic and histological backgrounds, as it is the case for cell
lines, to clarify whether the difference in dabrafenib sensitivity is
linked to the individual deletion type. Only BRAF*NY™F and
BRAFAVTAPTP>A displayed dabrafenib sensitivity (Fig. 5F). As
BRAF*NVTAPF showed a significantly higher propensity for ho-
modimerization than BRAF*NV™P (Fig. 3, A and B), it is tempting
to attribute the observed dabrafenib resistance of the former to in-
creased dimerization and negative allostery (19). In that regard,
Foster et al. (36) demonstrated that, in contrast to dabrafenib, ve-
murafenib induces and requires a greater aC helix shift during in-
hibitor accommodation that cannot be provided by BRAFANYTAP
because of the sterical constraints imposed by the in-frame deletion.
Therefore, the dabrafenib-resistant BRAFAMNVIAPE
BRAFALNVTAPSY BRARALNVISF 414 BRAF®IFS mutants (Fig. 5,
B, F, D, and H), which have not yet been investigated for their
impact on aC helix flexibility, might differ from BRAF*NY™ in
such a way that their deletions, which are accompanied by inser-
tions of a bulky aromatic residue, preclude dabrafenib binding by
negative allostery. The aforementioned study by Zhang et al. (15),
who describe the critical role of hydrophobic interactions occurring
during RAF activation, proposes that dimerization tightens the
adenosine triphosphate-binding pocket and thereby interferes
with inhibitor accommodation by steric clashes in which minute
differences between the various RAFi might have large effects.

Another recent study, however, showed that the binding affini-
ties of the dimer-favoring type II inhibitor naporafenib and dabra-
fenib to chemically enforced BRAFY***" dimers are comparable,
demonstrating that increased dimerization is insufficient to confer
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resistance to type I'/* inhibitors (25). Moreover, the inability of the
R509H substitution, alone or combined with the AAE mutation, to
improve dabrafenib sensitivity in BRAFA"™NVTAPF guggests that
other mechanisms decide drug accommodation (fig. S11). For
example, the mechanism for dabrafenib resistance could be ex-
plained by the hydrophobic network that underlies the formation
of the R-spine (15, 4I). In that respect, we noted that
BRAFAINVTAPSF pp A RALNVIAPSY pp g pALNVISF o g B o pdelinsFs
substitute 1485 for a bulky aromatic residue that could restrict dab-
rafenib binding, while the in terms of deletion length similar
BRAFAVTAPTP*A mutant remained dabrafenib sensitive. This
concept is supported by a study proposing that the introduced phe-
nylalanine of the BRAF***°F point mutant forms a hydrophobic
network with F498, which in turn stabilizes the R-spine and pre-
cludes type 1" inhibitor binding (66). Consequently, loss of F498
should break dabrafenib resistance. The F498A substitution
reduced the dabrafenib resistance of BRAF*"™NVTAP*F by 509 (fig.
§12, D and E). This finding supports this model but also suggests
that other mechanisms contribute to the dabrafenib resistance of
BRAFAINVIAPSE - pp A RALNVIAPSY — pp ARALNVIE g
BRAFI!"™FS Therefore, the insertion of de novo hydrophobic
amino acids at the in-frame deletion junction might generate a dis-
tinct mutation-specific hydrophobic network or modify the already
recognized ones (15) and thereby increase dimerization propensity,
activity, and type I'’* RAFi resistance. This represents an interesting
area for future studies. Moreover, as the spectrum of tumor-associ-
ated BRAFAP*C yill probably expand in the near future, we will
learn whether there is a selective pressure for maintaining or even
replacing 1485 with bulky hydrophobic residues to increase onco-
genic potential and type I'/* inhibitor resistance. By revisiting the
deletion walking experiment by Foster and colleagues (36), we real-
ized that their data also support the critical role of L485 as in-frame
deletions omitting L485 hardly increased the MEK phosphorylation
potential of BRAF. The analysis of BRAFA™YTAPF crystal struc-
tures, which are not available to date, could potentially reveal the
mechanisms conferring resistance against type I'’> RAFis. Close in-
spection of the orientation and potential intramolecular interac-
tions of F485 of BRAFA™NYTAPF compared to those of L485 of
BRAF*NVTAP il be key. Although the precise mechanism(s) of
dabrafenib resistance need to be addressed in separate studies, our
data already demonstrate that BRAF*P**““ oncoproteins signifi-
cantly differ in their sensitivity toward this compound. Thus,
extra caution must be applied when experiences from individual
case reports with marked responses for one BRAF*P**¢ mutant
to dabrafenib are used as evidence to tailor a therapy for an onco-
protein with a seemingly highly similar but distinct alteration.

We also obtained previously unknown insights into the require-
ments of BRAF*P***“ mutants for oncogenic signaling. A major
open question was whether BRAF*#**“ mutants signal as mono-
mers or (constitutive) dimers (24, 35-37). In hindsight, this contro-
versy was partly caused by the fact that the various laboratories
investigated distinct BRAF*P*““ mutants and used the R509H mu-
tation as a tool to measure dimer dependency. In that regard, the
R509H mutation reliably blocks allosteric transactivation, a
process from which BRAF"*°°F and potentially other high-activity
mutants are largely exempted (9). However, while the R509H mu-
tation strongly reduces homodimer affinity, it does not completely
abrogate dimerization, and only the additional introduction of the
AAE mutation really renders almost all BRAF molecules
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monomeric, at least according to coimmunoprecipitation experi-
ments. Thus, the suitability of the R509H mutation to discriminate
between dimeric and monomeric BRAF needs to be taken with
caution, in particular, within the context of mutants with high di-
merization propensity (24). Therefore, we revisited the dimerization
potential of BRAF*#*““ mutants and demonstrate that they form
very stable homodimers with a significantly higher efficiency than
BRAFY?!, On the basis of these data and work by others on
BRAF*NVTAP and other in-frame deletion mutants (24, 35), we con-
clude that BRAF*P*““ mutants signal as dimers because they lose
their high MEK phosphorylation and dimerization potential upon
the simultaneous introduction of the R509H and AAE mutations.
We interpret the relative resistance of the BRAF*P** mutants
toward the R509H mutation by the aforementioned structural pecu-
liarities of these oncoproteins that, due to their special aC helix con-
formation, lock them in an active state. Thereby, they become
independent of allosteric transactivation that is critical for other
BRAF gain-of-function mutants (3). Like BRAFY®’E but unlike
other BRAF oncoproteins (18, 40), AP3-aC mutants signal indepen-
dent of D***FGLATV®*’KS-motif phosphorylation, which further
supports the notion that the in-frame deletion constitutively
induces the active aC-helix-IN/DFG-IN/R506-IN conformation.
In all these respects, BRAF*#**““ mutants resemble the canonical
class I mutant BRAFV®°°F, although their varying sensitivity
toward type I'"? inhibitors argues against this categorization.
Thus, these oncoproteins might constitute a class of their
own. Another notable parallel to BRAFY®?’" is the ability of
BRAF*P**C mutants to form large multiprotein complexes. We
demonstrated previously that these large multiprotein complexes
reflect BRAF activity as endogenous BRAFY*F shifts to the small
complex upon vemurafenib treatment (23). As we had demonstrat-
ed that the large BRAFY***"-containing complex is enriched with
the HSP90/CDC37 complex and because BRAF"**°F shows a spe-
cific vulnerability toward HSP90 inhibition (47, 48, 86), we investi-
gated the association of BRAF***C mutants with HSP90.
BRAFU!"FS recruits HSP90 to a similar extent as BRAFY®00F,
while recruitment of HSP90 to BRAF*NVTAP yas even more pro-
nounced. Unexpectedly, BRAF*'"™VTAP*F recruits less of this chap-
erone. In line with this result, BRAF*NY™P and BRAFV**°F become
unstable in the presence of the clinically trialed HSP90 inhibitor
XL888 and present with a significantly shorter half-life. Commen-
surate with its lower HSP90 recruitment propensity (like BRAFW™),
BRAFANVTAPE digplays higher overall stability in our tet-washout
experiments and in the presence of XL888. It is tempting to spec-
ulate that the very high homodimer formation shown by
BRAFAINVTAPE gtabilizes this oncoprotein and alleviates the need
for being chaperoned by HSP90/CDC37.

Two recent studies might provide additional explanations for the
contrasting HSP90 binding behavior of BRAF*P**C mutants (100,
101). Using cryo—electron microscopy (cryo-EM), it was shown that
the HSP90/CDC37 complex binds to the C-lobe of the kinase
domains of BRAF and RAF]1, while the latter, which shows higher
affinity to the chaperone complex, also binds to the N-lobe and in
the vicinity of the Ap3-aC segment (101). This interaction requires
the unfolding of the N-lobe, which remains folded in the context of
BRAF"T but becomes unstructured and more RAF1-like in the
context of the specific conformation of BRAF'**°* imposed by
the aforementioned salt bridge linking N- and C-lobes. This ex-
plains why BRAFY®°°F tightly interacts with this chaperone (23)
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and is exquisitely sensitive to HSP90 inhibition (47, 48). Thus, de-
letion of AB3-aC segment might restructure the BRAF N-lobe in
such a way that it becomes an interaction point for the HSP90/
CDC37 complex. This concept would explain why several but not
all BRAF*P*“C mutants tightly copurify with HSP90/CDC37 and
how specific details of the in-frame deletion modulate this interac-
tion. The BRAFA'™™VTAPF mytant and, potentially due to structural
similarities, BRAFA"™NVTAP>Y represent a notable exception for the
increased HSP90 binding observed for other BRAF*#**“ oncopro-
teins (Fig. 3, A, B, and D). On the basis of very recent insights from
cryo-EM and deuterium exchange/MS experiments showing that
the HSP90/CDC37 complex recognizes RAF molecules with N
and C loop unfolded (101-103) and the notion that R-spine forma-
tion—induced conformational changes are a prerequisite for effi-
cient N- and C-loop compaction and hence DIF-mediated
dimerization (15, 17, 93), we posit that it is the high dimerization
propensity of BRAFA™NYTAPF that precludes its interaction with
the chaperone complex. This hypothesis is supported by our exper-
iment in which the R509H and AAE mutations increased HSP90
binding of BRAFA™NVTAP>F (Rig 3D). Although this represents an
area for future studies, our present data nevertheless suggest that
inhibitors targeting specific HSP90/CDC37 complexes could be
useful to treat tumors driven by other BRAF*P*“C mutants, e.g.,
to enhance the efficacy of RAFi. Therefore, our study highlights
the so-far unrecognized functional diversity of BRAF***"*“ onco-
proteins and recommends that precision and attention to molecular
details must be applied when potentially effective but highly dis-
criminating type I'’? inhibitors like dabrafenib are considered. En-
couraging responses with dabrafenib were observed in individual
PDAC cases of BRAF*V'*"_driven tumors (89, 97) and in the
OV-90 cell line containing the same in-frame deletion (Fig. 6, A,
D, G, M, and K). However, two BRAF*NVTAP_containing PDAC
PDOs hardly responded to clinically meaningful dabrafenib con-
centrations, possibly because of private co-mutations as discussed
above. Likewise, the BxPC3 cell line containing the dabrafenib-sen-
sitive BRAF*VTAPTP>A mutant appeared less BRAF addicted, prob-
ably because of its high pAKT levels. Thus, our data suggest an
algorithm for targeted therapy recommendations (fig. S16) based
on structural differences predicting intrinsic dabrafenib sensitiv-
ity/resistance and based on private comutations and/or expression
levels of signaling elements modulating dabrafenib responsiveness.
Last, our data provide impetus for the clinical development of safe
and effective pan-RAFis that block the activity of all BRAF*P**“ on-
coproteins, irrespective of their intrinsic dabrafenib sensitivity or
the private signaling network of the tumor cells.

MATERIALS AND METHODS

Patient

The patient had given written informed consent for molecular anal-
ysis (whole-genome/exome and RNA sequencing, DNA methyla-
tion profiling) within NCT/DKTK MASTER, a prospective
observational and registry study approved by the Ethics Committee
of Heidelberg University (protocol number S-206/ 2011) in which
patients with advanced rare cancers and patients diagnosed with ad-
vanced common cancers at an unusually young age undergo a stan-
dardized precision oncology workflow, including clinical decision-
making in a multi-institutional MTB (38, 104).
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Cell lines and genomic DNA analysis

Plat-E cells were provided by T. Kitamura (University of Tokyo).
HEK293T cells were provided in-house by A. Hecht.
Plat-E, HEK293T cells, and pBABE-puro-CreER"*-transduced
Braf1oxE12/M0xE12 MEE which were generated in-house and are im-
mortalized by simian virus 40 large T antigen expression (9), were
cultivated in Dulbecco’s modified Eagle's medium (DMEM) (4.5 g/
liter glucose) supplemented with 10% fetal calf serum (FCS), 2 mM
L-glutamine, 10 mM Hepes, penicillin (200 U/ml), and streptomy-
cin (200 pg/ml). OV-90 and NCI-H2405 cells were purchased from
American Type Culture Collection. BxPC3 cells were a gift of
S. Diederichs (University Medical Center Freiburg). These three
cell lines were maintained in RPMI 1640 supplemented with 10%
FCS, 2 mM L-glutamine, 10 mM Hepes, penicillin (200 U/ml),
and streptomycin (200 pg/ml) and were authenticated by genomic
DNA (gDNA)-based PCR analysis confirming the presence of the
BRAF mutations previously reported for these cell lines (35, 36). To
this end, gDNA was extracted using standard protocols and used as
template for a PCR using Phusion polymerase (NEB) and oligonu-
cleotides matching to introns 11 (5'- GGAGGATCCCCATGGAA-
CAAACAAGGTTG-3) and 12 (5'-
GGAGAATTCCCACCTCTAAATGTATTCTG-3') of BRAF. PCR
amplicons were subcloned into pSC-A (Stratagene) for further anal-
ysis (fig. S12, A to C). Absence of mycoplasma was confirmed by
PCR (Eurofins Genomics, Ebersberg, Germany).

PDO establishment, culture, and drug tests

The COMP-196 PDO was identified within a cohort of PDAC
PDOs established at the Princess Margaret Cancer Centre Living
Biobank (https://pmlivingbiobank.uhnresearch.ca/) from patients
enrolled in the COMPASS trial (105, 106) and using procedures pre-
viously described in detail for xenograft-derived organoids (107). In
brief, percutaneous core biopsy tissue from a liver metastasis was
minced and dissociated in 1 ml of advanced DMEM (adDMEM)/
F12 with 100 pl of Liberase TH (Sigma-Aldrich) and 10 uM Y-27632
at 37°C for 15 min. Cell pellets were washed with adDMEM/F12,
counted, and plated in Matrigel with modified human organoid
medium [adDMEM/F12, 20% (v/v) Wnt-3a conditioned media,
30% (v/v) R-Spondinl conditioned media, 1x B27, 2 mM Gluta-
MAX, 10 mM Hepes, antibiotic-antimycotic (100 U/ml), 1 mM nic-
otinamide, 1.25 mM N-acetyl cysteine, 10 nM gastrin I, hNoggin
(100 ng/ml), FGF10 (100 ng/ml), EGF (50 ng/ml), 0.5 uM A 83-
01, 10 uM Y-27632, and 2.5 uM CHIR-99021]. For drug tests,
domes were dissolved and passaged in TrypLE (Gibco) for 30 to
60 min and counted in trypan blue. Cells were seeded in 10 pl of
Matrigel in a 384-well plate at 1000 cells per well overlain with 40
ul of human organoid media (day 1). After 24-hour recovery, drugs
were added using a Tecan D300e dispenser (day 2). Viability was
measured using Cell Titre Glo 3D after 1 week (day 8).

The B188 PDO was identified within a cohort of pancreatic car-
cinoma PDOs established at the University Medical Centre Frei-
burg, Germany. Informed consent was obtained from patients for
the establishment and use of three-dimensional (3D) organoid cul-
tures from human pancreatic cancer tissue samples. Sampling was
approved by the local Ethics Committee of the University of Frei-
burg Medical Center (126/17; 28 March 2017). Surgery was per-
formed at the Department of General and Visceral Surgery of the
University Hospital Freiburg for proven or suspected pancreatic
cancer. Organoid derivation and cultivation protocols were
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adapted from previous publications (108, 109). In brief, tissue
samples were minced into small fragments and digested in 3 ml
of complete collagenase digestion buffer [1x human complete
feeding medium (COM), Collagenase Crude Type XI (5 mg/ ml;
Sigma-Aldrich), 10.5 uM Y-27632, and deoxyribonuclease
(DNAse) (10 pg/ml)]. COM consists of 1x HuWa medium [1x
adDMEM/ F-12, 10 mM Hepes (pH 7.2 to 7.5), 1x GlutaMAX sup-
plement (all three from Gibco), and Primocin (100 pg/ml; InVivo-
Gen)], 1x Wnt3a-conditioned medium or Afamin/Wnt3a-
conditioned medium, 1x R-Spondinl—conditioned medium, 1x
B27 supplement (Gibco), 10 mM nicotinamide, 1.25 mM N-acetyl-
cysteine (both from Sigma-Aldrich), Plasmocin (2.5 pg/ml; InViv-
0Gen), hEGF (50 ng/ml), hFGF10 (100 ng/ml), 10 nM hGastrin I
(all three from PeproTech), 500 nM A 83-01 (TOCRIS), and 10.5
UM Y-27632 (Sigma-Aldrich).

In total, two incubation steps in a rotating incubator were per-
formed at 37°C for 15 min. After each incubation, the digested
tissue was manually triturated 10 to 20 times, and the supernatant
of both fractions was centrifuged at 4°C, 200g for 5 min. The cells
were resuspended in 2 ml of ACK lysing buffer (Gibco), incubated
for 2 min, and spun again. Subsequently, the cells were washed once
with HuWa medium containing 0.1% bovine serum albumin (BSA;
Sigma-Aldrich). The cell pellet was resuspended in an adequate
amount of Matrigel (8 mg/ml; Corning). New domes with 25 pl
of Matrigel each were made and incubated at 37°C, 5% CO, for
15 to 20 min. Thereafter, 500 ul of Complete Organoid Medium
with Wnt (COM-Wnt) or Wnt-Afamin (COM-W/A) supplement-
ed with 10.5 uM Y-27632 was added. PDOs were grown 6 to 12 days
at 37°C, 5% CO, and checked every third day. NGS sequencing
leading to the identification of the BRAF*NT" mutation was per-
formed at University Spital Ziirich, Molecular Pathology depart-
ment (sequencing type, FoundationOne CDx).

To passage PDOs, two Matrigel domes were pooled and dis-
solved in 500 pl of ice-cold cell recovery solution (CRS). Subse-
quently, the suspension was incubated for 30 min on ice,
inverting the tube every 10 min. The cells were pelleted, and the
CRS was discarded. The cell pellet was resuspended in 2 ml of
TrypLE Master mix [1.5 ml of 1x TrypLE Express Enzyme
(Gibco), 0.5 ml of HuWawith, 0.1% BSA, 10.5 uM Y-27632, and
DNase (10 ug/ml)]. The cells were incubated in a rotating incubator
at 37°C and 180 rpm for 15 min. Cells were pelleted again, and the
supernatant was aspirated. The cell pellet was resuspended 20 times
in ice-cold HuWa medium with 0.1% BSA to mechanically dissoci-
ate the PDOs. Following a last centrifugation step, cells were resus-
pended in Matrigel, and new domes (25 pl of Matrigel each) were
spotted into tissue culture wells incubated at 37°C, 5% CO, for 15 to
20 min before being overlain with 500 pl of COM-Wnt or COM-W/
A supplemented with 10.5 uM Y-27632. Occasionally, an aliquot of
cells was used to isolate gDNA as described above to confirm the
presence of driver mutations.

For drug tests, PDO-containing domes were dissolved as de-
scribed above, and isolated cells were counted with a Bio-Rad
TC20 Automated Cell Counter. Desired number of cells was
seeded in a 96-well plate in 5 pl of Matrigel domes with 1000 cells
per dome. After incubation at 37°C, 5% CO, for 15 min, 100 pl of
COM-W/A medium was added per well. In addition, all empty wells
were filled with 120 ul of phosphate-buffered saline (PBS) to de-
crease medium evaporation. Following cultivation (5% CO,,
37°C) for 7 days, the medium was carefully aspirated, and the
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drugs diluted in either COM-W/A or HuWa were added and incu-
bated for 3 days. Subsequently, 100 pl of Cell Titer Glo 3D
(Promega) was added to the wells and resuspended 10 times.
After incubation for 30 min in the dark at room temperature, the
luminescence signal was measured with a Tecan infinite M200
plate reader (integration time, 100 ms).

Generation of pCLXEBR-pTF1-HA-BRAF-IRES-GFP

(pCLXEBR) MEFs

To generate Braf®>*'/1°*F12 \MEFs expressing HA-BRAF proteins
upon Tet/Dox induction, recombination of Braf1o**?/1°xE12 MEEg
was induced by treatment with 4-hydroxytamoxifen (1 pM). Effi-
cient recombination was confirmed by genomic PCR (110) and
Western blot analyses (fig. S15). Braf ’~ MEFs were infected with
ecotropic lentiviral particles using the packaging plasmids
psPAX2 and pCMV_Eco provided by I. Frew (111). Successfully in-
fected cells were selected with blasticidine S (5 pg/ml).

Plasmids

The generation of the bicistronic retroviral vectors pMIG and pMI-
Berry encoding N-terminally HA-tagged or C-terminally Myc-
tagged human BRAF, respectively, as well as the point mutants
V600E and F595L was described previously (9, 44). Ap3-aC muta-
tions, the F498A, and the dimerization-impairing mutations R509H
and 621APE-AAE were introduced via site-directed mutagenesis
using the oligonucleotides specified in table S1.

To generate tet-inducible pCLXEBR-pTF1-HA-BRAF-IRES-
GFP constructs, the HA-BRAF-IRES-GFP insert was excised from
corresponding pMIG constructs using BsrGI. The tet-inducible
pCLXEBR-pTF1-kRasV12 vector, which we obtained from
Addgene (plasmid no. 114318; deposited and provided by
P. Salmon), was digested with BsrGI, thereby removing the
kRasV12 encoding insert, followed by ligation of HA-BRAF-
IRES-GFP insert and pCLXEBR-pTF1 vector backbone.

Antibodies and reagents

Antibodies used in this study were anti-B-RAF (D9T6S), anti-GFP,
anti-HSP90, anti-p44/42 MAPK (ERK1/2), anti-phospho-p44/22
(ERK1/2) (Thr***/Tyr***), anti-MEK1/2, anti-phospho-MEK1/2
(Ser?'7/2'2) " anti-AKT, anti-phospho-AKT (S473), anti-EGFR
(D38B1), anti-phospho-EGFR (TyrlOGS) (D7A5) (all from Cell Sig-
naling Technology), anti-RAF-B (F-7), anti—a-tubulin (Santa Cruz
Biotechnology), anti—glyceraldehyde-3-phosphate dehydrogenase
(Abcam), and anti-HA (3F10) (Roche Diagnostics). Belvarafenib
(HM95573), dabrafenib, encorafenib, GDC-0879, lifirafenib
(BGB-283), LY3009120, MLN2480, naporafenib (LXH254), sorafe-
nib, TAK-632, trametinib, vemurafenib, and XL888 were purchased
from SelleckChem. All inhibitors were dissolved in dimethyl sulfox-
ide (DMSO).

Western blotting and BN-PAGE

Western blotting was carried out as previously described (9). Briefly,
cells were lysed in normal lysis buffer [NLB; 50 mM tris/HCI (pH
7.5), 1% Triton X-100, 137 mM sodium chloride, 1% glycerine, 1
mM sodium orthovanadate, 0.5 mM EDTA, leupeptin (0.01 mg/
ml), aprotinin (0.1 mg/ml), and 1 mM 4-(2-Aminoethyl)benzene-
sulfonyl fluoride hydrochloride (AEBSF)], separated on SDS gels
containing 10% polyacrylamide and transferred to polyvinylidene
difluoride membranes. Blotted proteins were visualized using
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horseradish peroxidase—conjugated secondary antibodies (Thermo
Fisher Scientific), SuperSignal West Femto Maximum Sensitivity
Substrate (Thermo Fisher Scientific), and a Fusion Solo imaging
system (Vilber). Signals were quantified using Image].

For BN-PAGE, transiently transfected HEK293T cells were har-
vested 2 days after transfection. Before harvest, cell culture dishes
were washed twice with ice-cold PBS. Ice-cold BN-PAGE lysis
buffer [20 mM bis-tris, 20 mM NaCl, 2 mM EDTA, 10% glycerol,
0.1% Triton X-100, protease inhibitor cocktail (Roche, no.
11836145001), and PhoSTOP (Roche no. 04906837001) (pH 7)]
was added directly to the plates, which were left on a rocking plat-
form at 4°C for 30 min for cell lysis. Cells were scraped and lysates
transferred into fresh reaction tubes and centrifuged at 4°C at
15,700¢ for 10 min, and supernatant was transferred into fresh re-
action tubes for gel loading. BN-PAGE was performed according to
instructions of the manufacturer [NativePAGE Novex 3 to 12% bis-
tris protein gels, 1.0 mm, 10 well (Invitrogen, BN1001)] at 4°C. In
brief, 50 ul of lysate were mixed with 150 pl of a glycerol-BN-PAGE
lysis buffer solution (1:2). Wells were visualized for sample loading
by flushing them two to three times with dark-blue cathode buffer
(Invitrogen, BN2002), and the front part of the chamber was filled
half with dark-blue cathode buffer. Twenty microliters of each
sample was loaded into pockets. The front part of the chamber
was completely filled with dark-blue cathode buffer, and afterward,
the back part of the chamber was filled with transparent anode
buffer (Invitrogen, BN2001). Proteins were separated at 100 V
and 4°C for 60 min. Thereafter, the dark-blue cathode buffer was
changed to light-blue cathode buffer (Invitrogen, BN2002), and
the electrophoresis was continued at 200 V for additional 1 hour
and 15 min, followed by Western blots. Signals were quantified
using Image].

Immunoprecipitations and MS

For immunoprecipitations, HEK293T cells transiently coexpressing
HA- and Myc-BRAF proteins that were grown to subconfluency on
a 10-cm dish were lysed in 1 ml of NLB 48 hours after transfection.
Next, 0.5 pg of anti-HA antibody was added to 900 pl of cleared total
cell lysates, followed by 1 hour of incubation on ice. Fifty microliters
of Protein G-Sepharose slurry was added, followed by incubation at
4°C overnight, rotating. Beads were washed eight times with 1 ml of
NLB. Following resuspension in 100 ul of NLB, addition of Laemmli
buffer and boiling for 5 min, samples were analyzed via Western
blotting.

For MS analysis of HSP90i-treated OV-90 cells
(BRAFWT/ANVIAP)Y 40 15-cm dishes of subconfluent OV-90 cells
were cultivated in the presence of XL888 (1 uM) or control
(DMSO) for 24 hours before lysis in NLB (800 pl per dish).
Cleared lysates were combined and incubated in the presence of
an anti-BRAF antibody cocktail [150 pl of anti-RAF-B (F-7) and
100 pl of anti-B-RAF (D9T6S)] 1 hour on ice, followed by addition
of 200 pl of Protein G-Sepharose slurry and incubation at 4°C over-
night, rotating. Beads were washed five times and subjected to MS
analysis.

For MS, samples were taken up in Laemmli sample buffer,
reduced with 1 mM dithiothreitol for 10 min at 75°C, and alkylated
using 5.5 mM iodoacetamide for 10 min at room temperature. The
same amount of each sample was loaded on 4 to 12% gradients gels.
The gel area corresponding to 80 to 100 kDa was excised and cut
into small pieces, and proteins therein were in-gel digested with
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trypsin (Promega). Tryptic peptides were purified by STAGE tips
before liquid chromatography tandem MS (LC-MS/MS) measure-
ments. The LC-MS/MS measurements were performed on an Ex-
ploris 480 mass spectrometer coupled to an EasyLC 1200
nanoflow-high-performance liquid chromatography (HPLC). Pep-
tides were separated on fused silica HPLC-column tip [inside diam-
eter, 75 um, New Objective, self-packed with reprosil-Pur 120 C18-
AQ, 1.9 um (Dr. Maisch) to a length of 20 cm] using a gradient of A
(0.1% formic acid in water) and B (0.1% formic acid in 80% aceto-
nitrile in water). A mass spectrometer was operated in the data-de-
pendent mode; after each MS scan (mass range m/z = 370 to 1750;
resolution, 120,000), a maximum of 20 MS/MS scans were per-
formed using a normalized collision energy of 28%, a target value
of 50%, and a resolution of 15,000. MS raw files were processed with
MaxQuant software (version 2.0.1.0) using a Uniprot human data-
base containing all BRAF variants and standard settings (112).

Transfection, infection, and focus formation assays
Transient transfection of Plat-E and HEK293T cells was carried out
as previously described (9). For Western blot analysis, cells were
lysed 48 hours after transfection. Viral supernatants of Plat-E cells
were harvested and used for infection after 48 hours as well. Infec-
tion of MEFs and subsequent foci formation assays were carried out
as described previously (40, 44).

Colony formation assays

Cells were plated on six-well plates (1200 cells per well). Inhibitors
were added the following day. Medium, supplemented with inhib-
itors, was changed every 2 to 3 days. Colonies of OV-90, BxPC3, and
H2405 cells were stained with 0.1% crystal violet staining solution
after 16, 18, or 21 days, respectively. Stained six-well plates were dig-
italized by scanning followed by quantification of colonized areas
using Image].

XTT assay

Cells were seeded onto 96-well plates (OV-90 and NCI-H2405 4000,
BxPC3 2000 cells per well) and incubated with inhibitor or vehicle
control (DMSO) for 96 hours. Inhibitor titrations were performed
with a Tecan D300e device. Subsequently, the metabolic activity was
measured using the Cell Proliferation Kit I (Roche Diagnostics) ac-
cording to the manufacturer’s protocol.

BRAF stability (tet washout) and HSP90 inhibition assays
To determine BRAF stability, pPCLXEBR MEFs were grown in the
presence of tet (20 pg/ml), which is less stable than its analog dox-
ycycline, for 30 hours to induce expression of HA-BRAF proteins.
Following tet washout to stop transcription of the BRAF expression
cassette and a waiting time of 26 hours to allow for depletion of re-
sidual tet and tet-induced mRNA, cells were grown for the indicated
times. BRAF levels were determined by Western blot and normal-
ized to a-tubulin. Protein half-lives were calculated using one-phase
decay function. To analyze the effect of HSP90 inhibition on the
stability of BRAF proteins, pPCLXEBR MEFs were grown in the pres-
ence of doxycycline (50 ng/ml). After 72 hours, the HSP90 inhibitor
XL888 (1 uM) was added. Cells were subject to Western blot analysis
after 0, 5, 8, and 24 hours after HSP90i.
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Cellular thermal shift assay

HEK293T cells transiently expressing HA-BRAF proteins were de-
tached by trypsin, suspended in DPBS (10 x 10° cells/ml), and in-
cubated in the presence of 100 pM dabrafenib or vehicle control
(DMSO) for 4 hours, rotating at room temperature. Cells were
divided into 100 pl aliquots and heated in a PCR machine at increas-
ing temperatures (42° to 54°C) for 3 min. Subsequently, lysis was
performed in NLB for 10 min. Denatured and precipitated BRAF
protein was removed by centrifugation at 16,000g, 4°C for 15 min.
Levels of residual native BRAF protein were analyzed by Western
blotting.

Statistical analysis

The number of individual experiments as well as the applied statis-
tical tests were specified in the respective figure legend. Data are pre-
sented as means + SD, if not stated otherwise. Statistical analyses
were performed using GraphPad Prism 9 (GraphPad Inc., CA).

Supplementary Materials
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