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Molecular landscape of BRAF-mutant NSCLC reveals an 
association between clonality and driver mutations and 
identifies targetable non-V600 driver mutations
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Abstract

Background: Approximately 4% of non-small cell lung cancers (NSCLC) harbor BRAF 
mutations, and ~50% of these are non-V600 mutations. Treatment of tumors harboring non-V600 

mutations is challenging because of functional heterogeneity and lack of knowledge regarding 

their clinical significance and response to targeted agents.
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Methods: We conducted an integrative analysis of BRAF non-V600 mutations using genomic 

profiles of BRAF-mutant NSCLC from the Guardant360 database. BRAF mutations were 

categorized by clonality and class (1 and 2: RAS-independent; 3: RAS-dependent). Cell viability 

assays were performed in Ba/F3 models. Drug screens were performed in NSCLC cell lines.

Results: 305 unique BRAF mutations were identified. Missense mutations were most common 

(276, 90%), and 45% were variants of unknown significance (VUS). F468S and N581Y were 

identified as novel activating mutations. Class 1-3 mutations demonstrated higher clonality 

compared to mutations of unknown class (p<0.01). Three patients were treated with MEK +/− 

BRAF inhibitors. Patients harboring G469V and D594G mutations did not respond, while a 

patient with L597R mutation had durable response. Trametinib+/−dabrafenib, LXH254, and 

lifirafenib showed more potent inhibition of BRAF non-V600 mutant NSCLC cell lines compared 

to other MEK, BRAF, and ERK inhibitors, and comparable to inhibition of BRAF V600E cell 

line.

Conclusions: In BRAF-mutant NSCLC, clonality is higher in known functional mutations and 

may allow identification of VUS more likely to be oncogenic drivers. Our data indicate certain 

non-V600 mutations are responsive to MEK and BRAF inhibitors. This integration of genomic 

profiling and drug sensitivity may guide treatment for BRAF-mutant NSCLC.

Keywords

Non-small cell lung cancer; BRAF; targeted therapy; cell-free DNA

Introduction

Characterization of the landscape of somatic mutations in cancer has led to identification of 

novel targetable mutations in several malignancies, particularly in non-small cell lung cancer 

(NSCLC)1-6. Among these oncogenic mutations are somatic alterations in the BRAF gene, a 

serine/ threonine protein kinase, which are present in ~7% of solid tumors and ~4% of 

NSCLC7,8. These mutations can increase activation of the RAF-MEK-ERK (MAP kinase, 

MAPK) pathway to drive cell proliferation and growth9. V600X mutations are the most 

common BRAF mutation and occur in ~50% of cutaneous melanomas10, and in ~2% of 

NSCLCs11-14 The Food and Drug Administration has approved the combination of 

dabrafenib (BRAF inhibitor) and trametinib (MEK inhibitor) in NSCLC harboring a BRAF 
V600E mutation due to its efficacy in first and second-lines15,16. However, this success is 

tempered by the fact that ~50% of BRAF mutations in NSCLC are non-V600, and the 

responsiveness of these different mutations to BRAF +/− MEK inhibitors is not well 

characterized13,17.

The challenge of targeting BRAF mutations lies in the heterogeneous mutational repertoire 

of the BRAF gene. BRAF mutations are typically classified into three classes: class 1 

mutations signal as RAS-independent active monomers (e.g. V600E); class 2 mutations are 

constitutively active RAS-independent dimers; and class 3 mutations have low/absent kinase 

activity and require additional upstream signaling through RAS or receptor tyrosine kinase 

mutations18-20. Combination therapy of a BRAF inhibitor with a MEK inhibitor is currently 

used to effectively block the MAPK pathway in tumors with class 1 mutations. Dual therapy 
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may have activity in non-V600 BRAF mutations as well, as demonstrated by recent reports 

in melanoma21. In addition, novel MAPK pathway inhibitors may be effective in targeting 

class 2 and 3 mutations22-25.

Though significant progress has been made for treatment of BRAF V600E mutation positive 

cancers, two important challenges remain: first, BRAF non-V600 mutations have 

heterogeneous functionality7,19,26; second, many BRAF mutations remain variants of 

unknown significance (VUS). Therefore, an assessment of the genomic landscape of BRAF 
is needed to guide treatment decisions and trial development.

Cell-free DNA (cfDNA) is a blood-based method of assessing tumor DNA mutational status 

using next generation sequencing (NGS). Because sample acquisition is less invasive 

compared to tumor tissue, cfDNA can be a powerful tool to perform large scale molecular 

profiling across different tumor types. Cell-free DNA analysis compares favorably to tissue 

profiling for identification of targetable alterations and for assessing tumor genetic 

heterogeneity in patients with advanced-stage malignancies27,28.

In this report, we characterize the landscape of somatic mutations for a large cohort of 

patients harboring BRAF-mutant advanced-stage NSCLC using a clinical cfDNA assay. We 

also characterize BRAF non-V600 mutations through cell viability and pharmacologic 

assays to determine potential treatment strategies.

Methods

Genomic data collection

The Guardant Health Clinical Laboratory database was queried for cfDNA tests from 

patients with a diagnosis of NSCLC in which a BRAF mutation was identified. Synonymous 

mutations were excluded. This research is approved by Quorum Institutional Review Board 

for the generation of de-identified datasets for research purposes.

Cell-free DNA analysis

Samples were shipped to a Clinical Laboratory Improvement Act (CLIA)-certified, College 

of American Pathologists (CAP)–accredited laboratory (Guardant Health, Redwood City, 

California USA). Cell-free DNA was extracted from whole blood collected in 10-mL Streck 

cfDNA BCT®. After double centrifugation, 5–30 ng of cfDNA was isolated for digital 

targeted panel sequencing of up to 73 genes (Supplemental Figure S1A-D), as previously 

described (Guardant360®)29. Non-synonymous mutations and focal copy number alterations 

were further processed with R statistical computing program (version 3.3). All non-

synonymous BRAF mutations and focal amplification were included in the analysis. 

Mutations previously reported as associated with clonal hematopoiesis were excluded30.

Clonality Analysis

BRAF mutations were defined as clonal or subclonal as previously reported5. In brief, we 

calculated variant allele frequency (VAF) for the BRAF mutation and for the variant with 

highest allele frequency in that sample. VAF underwent copy number (CN) normalization 

using VAF/log2(CN) calculation. The estimated mutation clonality was calculated by 
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dividing each BRAF mutation adjusted VAF by the adjusted maximum somatic VAF present 

in the given sample. Mutations with clonality > 0.9 were considered clonal, and subclonal if 

< 0.1.

Cell culture and medium

LentiX-293T cells (Clontech) were cultured in DMEM (with high glucose, glutamine and 

sodium pyruvate) with 5% FBS and 1× non-essential amino acid. Growth medium for Ba/F3 

cells was RPMI with 5% FBS and 1 ng/ml mouse IL-3. Assay medium was Advanced RPMI 

with 5% FBS and 1× GlutaMAX.

Transforming potential assay in Ba/F3 cells

BRAF wild-type and mutant constructs were made with pHAGE-PURO vector by 

HiTMMoB technique as previously described31. BRAF wild-type and mutant vectors were 

transduced and expressed in Ba/F3 cells by lentivirus approach as described previously32. 

Briefly, lentivirus was generated by transfecting the LentiX-293T cells with reagent. Ba/F3 

cells were transduced by spinoculation (1,000× g for 3 hours) in the presence of 8 μg/ml 

polybrene and re-suspended in assay medium after spinning. Cell viability of transduced 

Ba/F3 cells was measured by Cell Titer-Glo assay (Promega) after 1 week.

Cell viability for each of the mutant Ba/F3 cell lines was scaled for comparison with BRAF 
wild type (scale of 1), and known activating mutations BRAF V600E and K601N (both scale 

of 100). Mutations were called activating if they fulfilled two criteria: 1) mean growth of 

mutant cell line is higher than the mean + 3 standard deviations (SD) of the universal 

negative controls (i.e. mCherry/GFP/Luc); 2) mean growth of mutant cell line is higher than 

the mean + 3 SD of BRAF wild type, and 10-fold higher than that of BRAF wild type. 

Mutations that did not fulfill these criteria were called not activating.

Drug Screen Assay

Human NSCLC cell lines were authenticated via DNA fingerprinting, routinely tested for 

the presence of Mycoplasma species, and maintained as described previously33. NSCLC cell 

lines were incubated with DMSO (vehicle control), BRAF inhibitors (dabrafenib, 

encorafenib, lifirafenib, LXH254, TAK580, vemurafenib), MEK inhibitors (binimetinib, 

cobimetinib, trametinib), BRAF + MEK inhibitor combinations (dabrafenib+trametinib, 

encorafenib+binimetinib, vemurafenib+cobimetinib), or ERK inhibitors (LY3214996, 

MK-8353, ravoxertinib, ulixertinib) for 72 hours at seven distinct concentrations. 

Concentrations for MEK inhibitors ranged from 0.064 nM to 1 uM by 5-fold dilution, and 

concentration for BRAF and ERK inhibitors ranged from 0.64 nM to 10 uM by 5-fold 

dilution. A CellTiter-Glo Luminescent Cell Viability Assay (Promega, San Luis Obispo, CA, 

USA) was performed as per the manufacturer's specifications. For both assays, three 

replicates were tested at each concentration, and each experiment was completed three 

separate times. We compared the efficacy of MEK and BRAF inhibitors for BRAF mutant 

cell lines where MEK+/−BRAF inhibitors showed activity (H2087, H1755, HCC364) with 

BRAF wild type (H1648) to calculate relative IC50s (average IC50 for BRAF mutant cell 

lines divided by IC50 for BRAF wild type) in order to estimate the potency of BRAF mutant 

cell line inhibition compared to wild type.
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Clinical outcomes

Patients with NSCLC harboring a BRAF non-V600 mutation treated with a MEK +/− BRAF 

inhibitor were analyzed for clinical outcomes. Molecular profiling was performed in CLIA-

certified laboratories and included different tissue-based assays: FoundationOne – 

Foundation Medicine Inc.; Molecular Diagnostics Laboratory 50-gene panel – MD 

Anderson Cancer Center; and single gene testing using PCR and Ion Torrent sequencer. 

Details on treatments, outcomes, and molecular profiling results were obtained from the 

local physicians as per local Institutional Review Board guidelines. The study was 

conducted in accordance with the Declaration of Helsinki and U.S. Common Rule.

Statistical analysis

Categorical variables were compared across groups through Chi-Square test or Fisher’s 

Exact-Test where applicable. Significance was determined as two-sided p-value < 0.05. Drug 

effects were estimated using the best-fit dose–response model. Statistical analyses were 

performed in GraphPad Prism version 8.1 (La Jolla, California, USA).

Results

Genomic cohort characteristics

From July/2014-June/2017, 1589 samples from 1515 unique patients were identified to have 

BRAF alterations according to results from the Guardant360 panel (Supplemental Figure 

S1A-D). The median number of samples collected per unique patient was 1 (range: 1-6). A 

total of 857 non-synonymous BRAF mutations were identified, with 305 unique mutations 

identified overall. Missense mutations accounted for the majority of mutations (276, 90%), 

while nonsense and splice-site mutations accounted for 5% each (n=14 and 15, respectively). 

These results are summarized in the CONSORT diagram in Figure 1.

We then filtered the 276 unique missense mutations for those observed in this cohort at least 

four times. We observed that ~11% of unique mutations (31/276), which were present in 

66% of the samples (526/795), accounted for the majority of BRAF missense mutations. 

Class 1 mutations corresponded exclusively to the V600E mutation, which was detected in 

167 patients. Additionally, seven unique class 2 and nine unique class 3 mutations were 

detected in our cohort, in 136 and 116 samples respectively. BRAF G469A and K601E were 

the most common class 2 mutations, and G466V and N581S were the most common class 3 

mutations. The total number of unique BRAF missense mutations of unknown class was 14, 

and the total number of occurrences was 107. These results are summarized in Table 1.

We also observed BRAF focal amplification in 161 unique samples. In 150 samples 

(93.2%), BRAF focal amplification was the only BRAF alteration, while in 11 samples 

(6.8%) focal amplification co-occurred with BRAF missense mutations.

Cell line models identify novel activating BRAF mutations

Among the most frequent unique missense mutations, ~45% were VUS (Table 1 and Figure 

2A – Class row - gray). Using Ba/F3 cell line models, we sought to test the functionality of 

the BRAF mutations identified in the Guardant Health database with cell viability assays.
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All class 1 and 2 mutations, with the exception of G469R, which is known to have 

intermediate kinase activity19, were found to be activating in the cell viability assays (Figure 

2A – Class row – red and green represent classes 1 and 2, respectively). However, class 3 

mutations showed heterogeneity, with only 4/9 (36%) mutations found to be activating 

(Figure 2A – Class row – blue represents class 3).

We also performed cell viability assays to test the functionality of the 14 unique VUS 

detected in the Guardant Health database with a frequency greater than or equal to 4. Among 

these, F468S and N581Y mutations were found to be activating (Figure 2A – Functionality 

row – orange represents activating mutations).

Clonality is associated with functionality of BRAF mutations in NSCLC

Next, we examined the genomic landscape of the BRAF mutations by characterizing their 

clonal and subclonal distribution. Class 1 (Figure 2A – Class row – red), class 2 (Figure 2A 

– Class row – green), and class 3 (Figure 2A Class row – blue) mutations were all associated 

with higher clonality compared to mutations of unknown class (Figure 2A – Class row – 

grey) (class 1 88% vs class 2 82% vs class 3 81% vs unknown class 60%, respectively, 

p<0.01) (Figure 2B). Classes 1, 2, and 3 had similar clonality, and there were no significant 

differences in clonality rates between these classes (1 vs 2: p=0.31; 1 vs 3: p=0.27; 2 vs 3: 

p=0.99) (Table 1 and Figure 2B). We also observed that mutations found to be activating in 

the cell viability assays (Figure 2A – Functionality row – orange) had higher clonality 

compared to mutations that were not activating (84% vs 71%, p<0.01) (Figure 2C). The 

clonal and subclonal relationship for each of the most common BRAF mutations (≥4 

occurrences) is summarized in Supplemental Figure S2A and S2B.

TP53, EGFR, KRAS, and NF1 are the most commonly co-mutated genes in BRAF-mutant 
NSCLC

We next evaluated which genes are more frequently co-mutated in BRAF-mutant NSCLC. 

The four most commonly co-mutated genes were TP53 (57%), EGFR (26%), KRAS (15%) 

and NF1 (15%). Other commonly co-occurring cancer gene mutations included ARID1A 
(14%) and APC (11%) (Figure 3 – cBioPortal Oncoprinter34,35). BRAF Class 1, 2, and 3 

mutations co-occurred with EGFR activating mutations exon 21 L858R and exon 19 deletion 

in 10% of samples (43/419) (Supplemental Table). In two samples, the BRAF mutation was 

observed at a VAF that was clonal. In all other samples, either the EGFR mutation was 

clonal (N=29), or the two variants were observed at similar VAF (N=12). In an exploratory 

analysis, we tested the association between KRAS and BRAF mutations, and found that 

class 3 BRAF mutations are more likely to have KRAS co-mutations compared to class 1 

and 2 mutations (1: 6.0%; 2: 12.6%; 3: 23.5%, p<0.01). This finding is consistent with 

recently published work showing a requirement for upstream RAS signaling for optimal 

oncogenic output of class 3 BRAF mutations23. In addition, we observed BRAF class 2 

mutations were more commonly associated with NF1 mutations when compared to BRAF 
class 1 mutations (1: 4.2%; 2: 11.8%; 3: 7.8%, p=0.05).

In addition, we evaluated the frequency of co-mutations in tumors with BRAF focal 

amplification. The frequency of mutations in canonical EGFR, KRAS and NF1 in samples 
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with BRAF focal amplification were respectively 24.2% (39/161), 20.5% (33/161), and 

13.0% (21/161) (Figure 3).

Advanced-stage NSCLC harboring BRAF non-V600 mutations show distinct patterns of 
sensitivity to MEK inhibition

To illustrate the importance of classifying BRAF mutations, we evaluated three patients with 

advanced-stage NSCLC harboring BRAF non-V600 mutations that received treatment with 

MEK +/− BRAF inhibitors.

Patient 1 is a 48-year-old male, never smoker diagnosed with BRAF G469V (class 2 

mutation) stage IV lung adenocarcinoma. In addition to the BRAF mutation, the tumor 

harbored APC R1040fs*16 and CHD2 L1383* mutations, and NFKBIA and NKX2-1 
amplifications as determined by tissue-based NGS platform (Foundation Medicine). The 

patient initially received radiation to a left frontal lobe lesion and to a left lung lesion 

followed by four cycles of carboplatin with pemetrexed. He was subsequently started on 

dabrafenib 150mg orally twice daily and trametinib 2mg orally daily (Figure 4A). After nine 

weeks of treatment, the patient had both systemic and intracranial disease progression 

(Figure 4B). He received palliative radiation to bone lesions and stereotactic radiation to the 

brain metastasis, and went on to receive two additional lines of cytotoxic chemotherapy (re-

exposure to carboplatin and pemetrexed, and docetaxel with ramucirumab). The patient had 

further disease progression and clinical deterioration, and was transitioned to hospice.

Patient 2 is a 63-year-old woman with a 40 pack-year smoking history diagnosed with stage 

IV lung adenocarcinoma whose tumor harbored a BRAF L597R mutation (class 2 mutation). 

Targeted mutational profiling (Ion Torrent sequencing) found no additional alterations. The 

patient was initiated on treatment with palliative radiation to a left hilar lesion followed by 

two cycles of carboplatin and pemetrexed, with a mixed tumor response (Figure 4C). 

Treatment was then switched to dabrafenib 150mg orally twice daily and trametinib 2mg 

orally daily. The patient had significant clinical benefit, and a CT scan performed at 13 

weeks demonstrated resolution of mediastinal lymphadenopathy and left hepatic metastasis, 

all consistent with tumor response to treatment (Figure 4D). At 12 months of follow-up, the 

patient remains on treatment with dabrafenib and trametinib without disease progression.

Patient 3 is a 60-year-old male, former smoker (40 pack-year history), with stage IV lung 

adenocarcinoma harboring a BRAF D594G mutation (class 3 mutation). Tissue-based 

targeted panel sequencing (MD Anderson MDL 50-gene panel) found a co-occurring TP53 
H193L mutation. The patient received two lines of cytotoxic chemotherapy (carboplatin plus 

pemetrexed and bevacizumab; carboplatin plus gemcitabine) and one line of immunotherapy 

(PD-1 inhibitor nivolumab) with disease progression (Figure 4E). He was subsequently 

started on single-agent trametinib. On his first restaging scan at two months, the patient was 

found to have stable disease and continued on treatment. At four months, the patient was 

admitted with hemoptysis and was diagnosed with disease progression in the mediastinal 

lymph nodes (Figure 4F). He underwent argon plasma coagulation and palliative radiation to 

the chest with resolution of hemoptysis. The patient developed progressive worsening of 

performance status at which point hospice was recommended. The patient passed away two 

months later.
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BRAF non-V600 mutant cell lines are sensitive to MEK and BRAF inhibition

Because of the distinct patterns of response observed in the three patients with advanced-

stage NSCLC treated with MEK +/− BRAF inhibition, we tested the sensitivity of five 

patient-derived lung adenocarcinoma cell lines harboring endogenous BRAF mutations to 

BRAF, MEK and ERK inhibitors: HCC364 (V600E mutation) and H1648 (BRAF wild-

type), which served respectively as positive and negative controls; H2087 (L597V mutation 

– the same codon mutated as Patient 2), H1395 and H1755 (G469A mutation - the same 

codon mutated as Patient 1).

Pharmacologic screens in H2087 (L597V) and H1755 (G469A) cell lines showed that 

trametinib +/− dabrafenib (MEK inhibitor IC50: 2.5-15.2nM), lifirafenib (BRAF inhibitor 

IC50: 3.5-25.7nM) and LXH254 (BRAF inhibitor IC50: 2.0-17.2nM) were the most 

effective agents. The combinations of binimetinib +/− encorafenib and cobimetinib +/− 

vemurafenib inhibited cell growth albeit at higher drug concentrations in the H2087 

(L597V) (MEK inhibitor IC50: 87.8-554.4nM) and H1755 (G469A) (MEK inhibitor IC50: 

38.8-465.4nM) cell lines. H2087 (L597V) and H1755 (G469A) cell lines were resistant to 

single-agent dabrafenib, encorafenib, vemurafenib, and TAK580 (BRAF inhibitor IC50: 

>1μM) (Figure 5A-5B). The H1395 cell line (G469A) was resistant to all tested MEK +/− 

BRAF inhibitors (IC50 >1μM) (Figure 5C).

The HCC364 (V600E) cell line was the most sensitive to MEK and BRAF inhibition. All 

regimens showed significant activity in this cell line (IC50: <1.0-27.0nM) with the exception 

of binimetinib (MEK inhibitor IC50: 115.6nM) and vemurafenib (BRAF inhibitor IC50: 

423.2nM) (Figure 5D). As expected, MEK and BRAF inhibitors were ineffective in the 

H1648 cell line (BRAF wild-type), with lifirafenib, LXH254, and TAK580 showing the 

lowest IC50 (BRAF inhibitor IC50: 556.4-839.6nM) (Figure 5E). Of note, IC50s for 

HCC364 (BRAF V600E) cell line were similar to those of H2087 (BRAF L597V) and 

H1755 (BRAF G469A) cell lines for trametinib +/− dabrafenib, LXH254 and lifirafenib 

(Figures 5A, 5B, 5D).

All cell lines tested were found to be resistant to single-agent ERK inhibitors (Supplemental 

Figure S3A-E).

Next, we compared the IC50s of MEK and BRAF inhibitors for BRAF-mutant cell lines 

where these compounds showed activity and BRAF wild type cell line by calculating 

relative IC50 ratios. We observed that trametinib, trametinib+dabrafenib and LXH254 

showed the lowest IC50 ratios (relative IC50 < 0.01), while lifirafenib, binimetinib

+encorafenib, cobimetinib+vemurafenib, and cobimetinib showed intermediate IC50 ratios 

(relative IC50 0.1-0.01). Encorafenib, binimetinib, dabrafenib, vemurafenib, and TAK580 

had the highest IC50 ratios (>0.1) (Figure 5F).

Discussion

The development of treatment strategies for non-V600 BRAF-mutant NSCLC has been 

hindered by the diversity and functional heterogeneity of these mutations as well as an 

incomplete understanding of which mutations are oncogenic drivers and targetable with 
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available therapies. To address these issues we conducted an integrative analysis of the 

molecular landscape and function of BRAF mutant NSCLC.

We initially characterized the largest cohort described to date of BRAF mutations as well as 

additional co-occurring genetic alterations detected in the cfDNA from 1515 patients with 

NSCLC. We confirmed that TP53, EGFR, KRAS, and NF1 are among the most commonly 

co-mutated genes in BRAF mutant and BRAF focally amplified tumors, consistent with 

prior reports36. In addition, we found that KRAS mutations are enriched in cases showing 

class 3 BRAF mutations, which is also consistent with previous reports13,37 and pre-clinical 

data highlighting that these kinase impaired alterations require additional RAS activation 

(eg. KRAS mutations) or receptor tyrosine kinase activation (eg. EGFR mutations) to 

promote cell growth and survival19,20. We also found that there was a significant association 

between NF1 mutations and class 2 BRAF mutations compared to class 1. Finally, we found 

no significant difference amongst the BRAF mutation class and EGFR mutations. One 

limitation of this analysis is that the genomic dataset does not include detailed clinical 

history (e.g. prior treatment history). Therefore, clinical interpretation of co-occurring 

mutation status and clonality, particularly for co-occurring EGFR mutations, is limited.

Additionally, we found that mutational functionality is correlated with mutational clonality. 

Specifically, we demonstrated that class 1, 2, and 3 mutations were more often clonal 

compared to VUS in BRAF. This is relevant when diverse mutations are present in a given 

oncogene such as the cfDNA cohort in question, where ~45% of tumors harbored BRAF 
VUS. This novel correlation between clonality and functionality should be further 

investigated and validated in other tumor types and for other oncogenes, and may prove to 

be a broadly useful approach for identifying candidate mutations that are more likely to be 

true oncogenic drivers instead of passenger mutations. We leveraged Ba/F3 cell line models 

to evaluate the functionality of these mutations and characterized two novel VUS to be 

activating: F468S and N581Y. Despite these mutations having been described previously in 

other cancer types, such as colorectal, gastric, prostate, and oral cavity38-44, in vitro 
functional data were lacking. We recognize the limitations of the Ba/F3 cell model, which 

are two-fold. First, for activating mutations, IL-3 independence of Ba/F3 cells does not allow 

us to characterize their BRAF mutational class (1, 2, or 3). Second, BRAF mutations found 

to be not activating may still promote MAPK pathway signaling as class 3 kinase mutations, 

but lack the capacity to do so without a co-existing alteration.

Next, we analyzed the efficacy of MEK and BRAF inhibitors in clinical cases of NSCLC. 

We show that BRAF non-V600 mutations have heterogeneous patterns of sensitivity to these 

agents. Clinically, the patient with a tumor harboring BRAF class 2 L597R mutation was 

sensitive to trametinib and dabrafenib with tumor shrinkage and durable response at one 

year. To our knowledge, this is the first report of response to MEK and BRAF inhibition in a 

NSCLC patient bearing this mutation although activity was observed for L597X-mutant 

tumors in a melanoma patient treated with this combination and for a NSCLC patient treated 

with an ERK inhibitor 21,25. Conversely, the G469V mutation was resistant to trametinib and 

dabrafenib, and the patient developed rapid disease progression in two months. It is possible 

that the more complex genomic profile of the tumor harboring the G469V BRAF mutation 

may have contributed to this poor outcome (APC R1040fs*16, CHD2 L1383*, NFKBIA 
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amplification, NKX2-1 amplification). Increased molecular complexity resulting in shorter 

benefit from tyrosine kinase inhibitors has been previously reported in other oncogene 

driven lung cancers, such as those harboring EGFR mutations1,45.

To better understand these differences in clinical outcome, we leveraged lung cancer cell 

lines to test the efficacy of BRAF, MEK, and ERK inhibitors. Trametinib, with or without 

dabrafenib, lifirafenib, and LXH254 were effective in inhibiting cell growth in the H2087 

(L597V) and H1755 (G469A) cell lines. The cobimetinib + vemurafenib and binimetinib + 

encorafenib combinations had higher IC50s and were less effective for targeting these 

mutations. In addition, we found that single-agent binimetinib had limited activity across all 

BRAF cell lines, which is consistent with recent work in cell lines harboring class 2 BRAF 
mutations from histologies other than NSCLC showing that binimetinib had the least activity 

among tested MEK inhibitors26. Among the BRAF inhibitors, TAK580, dabrafenib, 

encorafenib, and vemurafenib all demonstrated similar single agent activity in the non-V600 

setting, while lifirafenib and LXH254 demonstrated lower IC50s for H2087 (L597V) and 

H1755 (G469A). When comparing efficacy among BRAF mutant and BRAF wild type cell 

lines, we found that trametinib, trametinib+dabrafenib and LXH254 had the lowest IC50 

ratios. This suggests that these regimens may have the best trade-off for targeting non-V600 

mutant BRAF while sparing wild type BRAF. Although it is known that trametinib +/− 

dabrafenib are clinically well tolerated15,16, further pre-clinical and clinical evaluation of 

LXH254 is warranted particularly as this drug moves forward in clinical development. 

Notably, we identified different sensitivities to trametinib +/− dabrafenib, lifirafenib, and 

LHX254 between H1755 and H1395 cell lines, both of which harbor the same BRAF 
G469A mutation. These differences in sensitivity highlight our clinical finding that the 

G469V mutation was resistant to combination trametinib and dabrafenib, and prior pre-

clinical findings suggesting that other tumor characteristics, such as co-mutations, can 

impact response to BRAF-targeted treatments26,44,46,47. Finally we found that novel ERK 

inhibitors failed to inhibit growth as single agents in all lung cancer cell lines tested. The 

reasons for this remain unclear, but nonetheless suggest that these compounds as single-

agents are not effective for inhibition of BRAF signaling. This is consistent with phase I 

clinical data from single-agent MK-8353 where response rate in BRAF V600-mutant 

melanoma was only 20% (3/15 pts)48. Another explanation is that ERK inhibitors may 

require co-inhibition with other agents, such as BRAF inhibitors, to effectively block BRAF 
signaling. It is also possible that ERK inhibition acts on a context dependent manner because 

the efficacy of these agents has been more clearly described in melanoma and colorectal 

cancer pre-clinical models49,50.

Taken together, our clinical and pre-clinical data suggest that targeting BRAF non-V600 

mutations with MEK and novel BRAF inhibitors is feasible, and there are ongoing trials to 

test these as well as other drug combinations. For example, trials evaluating binimetinib + 

encorafenib (NCT03839342), and second-generation BRAF inhibitors BGB-3245 

(NCT04249843) and PLX8394 (NCT02428712) are ongoing. In addition, there are active 

early phase trials testing the safety of LXH254 (NCT02607813) and lifirafenib 

(NCT03905148). We feel that these trials as well as broader testing with these agents in 

combination with other inhibitors of the MAPK pathway will be critical to determine the 

best treatment strategy for patients whose tumors harbor BRAF non-V600 mutations.
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In conclusion, we report the broader genetic landscape of advanced-stage BRAF mutant 

NSCLC in a large clinical cohort. We show that non-V600 BRAF mutations may be 

sensitive to MEK and novel BRAF inhibitors, with trametinib-based regimens, LXH254 and 

lifirafenib showing highest activity in the tested cell lines. In addition, we have shown the 

utility of combining functional and genomic approaches for classification of VUS to 

improve our ability to detect and characterize the diverse and heterogeneous BRAF non-

V600 mutations. In doing so, we have improved our ability to understand the clinical 

contribution of these mutations, which ultimately may lead to novel therapies to enhance 

clinical outcomes for patients whose tumor harbor these mutations.
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Figure 1. 
CONSORT diagram of patients in the Guardant Health Database harboring a BRAF 
mutation.
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Figure 2. 
A) Clonality, class and functionality of BRAF mutations; B) Clonality by mutation class; C) 

Clonality by mutation functionality.
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Figure 3. 
Oncoprint of the most commonly co-mutated genes in BRAF-mutant and BRAF focally 

amplified lung cancers.
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Figure 4. 
Outcomes of three patients with BRAF non-V600E mutant NSCLC treated with MEK +/− 

BRAF inhibitors. A) Patient 1: G469V mutation pre-treatment with dabrafenib + trametinib; 

B) Patient 1: G469V mutation post-treatment with dabrafenib + trametinib (PET-CT after 5 

weeks and MRI after 9 weeks of treatment); C) Patient 2: L597R mutation pre-treatment 

with dabrafenib + trametinib; D) Patient 2: L597R mutation 3 months post-treatment with 

dabrafenib + trametinib; E) Patient 3: D594G mutation pre-treatment with trametinib; F) 
Patient 3: D594G mutation 4 months post-treatment with trametinib.
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Figure 5. 
Drug screen for MEK and BRAF inhibitors. A) H2087 (BRAF L597V mutation); B) H1755 

(BRAF G469A mutation); C) H1395 (BRAF G469A mutation); D) HCC364 (BRAF V600E 

mutation); E) H1648 (BRAF wild-type); F) Relative IC50 of MEK and BRAF inhibitors for 

comparison between BRAF mutant and BRAF wild type cell lines.
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Table 1.

Clonality of BRAF missense mutations.

BRAF Missense Mutations

Class 1 Class 2 Class 3 Unknown

Unique mutations
a
 - N (%)

1 (3) 7 (23) 9 (29) 14 (45)

Occurrences – N (%)

  Total 167 (100) 136 (100) 116 (100) 107 (100)

  Defined clonality 106 (63) 90 (66) 64 (55) 68 (64)

  Undefined clonality 61 (37) 46 (34) 52 (45) 39 (36)

Clonality – N (%)

  Clonal 93 (88) 74 (82) 52 (81) 41 (60)

  Subclonal 13 (12) 16 (18) 12 (19) 27 (40)

a:
with ≥4 occurrences.
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