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Abstract

Purpose: The influence of the transcriptional and immunologic context of mutations on 

therapeutic outcomes with targeted therapy in cancer has not been well defined. BRAF V600E-

mutant (BM) colorectal cancer comprises two main transcriptional subtypes, BM1 and BM2. We 

sought to determine the impact of BM subtype, as well as distinct biological features of those 

subtypes, on response to BRAF/MEK/EGFR inhibition in patients with colorectal cancer.

Patients and Methods: Paired fresh tumor biopsies were acquired at baseline and on day 15 of 

treatment from all consenting patients with BM colorectal cancer enrolled in a phase II clinical 

trial of dabrafenib, trametinib, and panitumumab. For each sample, BM subtype, cell cycle, and 

immune gene signature expression were determined using RNA-sequencing (RNA-seq), and a Cox 

proportional hazards model was applied to determine association with progression-free survival 

(PFS).

Results: Confirmed response rates, median PFS, and median overall survival (OS) were higher in 

BM1 subtype patients compared with BM2 subtype patients. Evaluation of immune contexture 

identified greater immune reactivity in BM1, whereas cell-cycle signatures were more highly 

expressed in BM2. A multivariate model of PFS incorporating BM subtype plus immune and cell-

cycle signatures revealed that BM subtype encompasses the majority of the effect.

Conclusions: BM subtype is significantly associated with the outcome of combination 

dabrafenib, trametinib, and panitumumab therapy and may serve as a standalone predictive 

biomarker beyond mutational status. Our findings support a more nuanced approach to targeted 

therapeutic decisions that incorporates assessment of transcriptional context.

Introduction

The stratification of patients for targeted anticancer therapy is currently based on the 

identification of the required genetic aberration with little, if any, consideration given to the 

impact of the biological context in which the mutation is found. The context dependency of 

canonical mutations across different cancer types is well recognized. For example, although 

patients with melanoma and lung cancer harboring the BRAF V600E mutation often 

respond well to dual BRAF and mitogen-activated protein kinase (MAPK) kinase (MEK) 

inhibition (1–4), this same approach usually fails to provide meaningful benefit to patients 

with colorectal cancer whose cancers harbor the same mutation (5, 6). However, it is now 

clear that canonical mutations in colorectal cancer can occur in very different transcriptional 

and immunobiological contexts. Whether these varying contexts influence therapeutic 

outcomes with targeted therapies stratified by genotype is currently unknown.

Four consensus molecular subtypes (CMS1-CMS4) based on gene-expression patterns have 

been defined within colorectal cancer (7). Although BRAF mutations tend to be more 
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prevalent in CMS1 [microsatellite instability (MSI)/immune] colorectal cancer, they can also 

be found in CMS3 (metabolic) and CMS4 (mesenchymal) colorectal cancer. Furthermore, 

two transcriptional subtypes of BRAF V600E-mutant (BM) colorectal cancer (BM1 and 

BM2) have been described, with the BM1 subtype associated with a poorer prognosis than 

the BM2 subtype (8). BM1 is characterized by KRAS/AKT pathway activation; epithelial-

mesenchymal transition (EMT) that mediates invasion, metastasis, and chemotherapy 

resistance (9); and increased immune reactivity. In contrast, BM2 demonstrates deregulation 

of cell-cycle checkpoints. Importantly, BM1 colorectal cancer cell lines appear to be more 

sensitive to BRAF and MEK inhibition, whereas BM2 lines are more sensitive to cyclin-

dependent kinase 1 inhibition. As a further example of the variable context in which 

particular mutations are found, KRAS mutation—the most common canonical mutation in 

colorectal cancer—occurs across all 4 CMS subtypes and thus may occur in the context of 

both different transcriptional programs and in cancers with widely differing levels of 

immune reactivity (7, 9). Therefore, inferring the likely biology and thus the therapeutic 

vulnerability of a given mutation in colorectal cancer is impossible without consideration of 

the transcriptional and immunologic context in which that mutation is found.

We recently reported clinical outcomes in patients with BM colorectal cancer treated with 

various combinations of the BRAF inhibitor dabrafenib (D), the MEK inhibitor trametinib 

(T), and the epidermal growth factor receptor (EGFR) inhibitor panitumumab (P; ref. 10). 

Combination therapy is given with the goal of mitigating MAPK pathway reactivation upon 

BRAF inhibition, which in colorectal cancer occurs as the result of an initial decrease in 

extracellular signal-regulated kinase (ERK) activation. This triggers enhanced EGFR/KRAS 

signaling, which drives BRAF/CRAF and CRAF/CRAF dimerization, thus reactivating 

MEK and ultimately resulting in suboptimal ERK inhibition (11, 12). Although this EGFR-

mediated RAS hyperactivation is certainly a key factor in limiting the efficacy of 

BRAF/MEK blockade, there must be additional factors contributing to this poor response in 

colorectal cancer, given that BRAF/MEK inhibitor combinations have proven effective in 

lung cancer, which is also a characteristically EGFR-expressing malignancy.

Herein, we explore the premise that other biological characteristics of BM colorectal cancer 

limit responsiveness to BRAF inhibitor–based combinatorial targeted therapy approaches. 

Given the distinct biology of the BM1 and BM2 transcriptional subtypes, we analyzed the 

impact of transcriptional context on outcomes in patients with BM colorectal cancer treated 

with combination D+T+P. Our findings demonstrate for the first time that the transcriptional 

context of a targeted mutation in a single cancer type does indeed significantly influence the 

response to therapy. Specifically, the BM1 subtype of colorectal cancer responds relatively 

favorably to BRAF/MEK/EGFR inhibition, whereas patients with the more common BM2 

subtype appear to derive limited benefit from this approach. These data suggest that, to 

optimize outcomes with targeted therapies, a more nuanced approach to therapeutic 

decision-making may be required that is informed by biology beyond the known targeted 

mutation. This supplemental stratification is critical to improving the risk-benefit equation 

for these often expensive and potentially toxic therapies. Such optimization is particularly 

relevant in situations where a limited proportion of patients derive meaningful benefit or 

where the mutation targeted does not appear to contribute to oncogene addiction in that 

cancer.
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Patients and Methods

Patients/samples

As described in Corcoran and colleagues, patients were treated with D+T+P, D+P, or T+P at 

the full labeled monotherapy doses (D, 150 mg BID; T, 2 mg QD; P, 6 mg/kg Q2W) or 

modified doses as per the design of this escalation/expansion study (10). Paired fresh tumor 

biopsies were acquired prior to treatment (baseline) and on day 15 of treatment for all 

enrolled patients who gave consent. The appropriate ethics committee or institutional review 

board at each study center approved the study protocol. The study was conducted in 

accordance with Guidelines for Good Clinical Practice and the ethical principles described 

in the Declaration of Helsinki following all applicable local regulations. All patients 

provided written informed consent prior to enrollment. Most biopsies were flash-frozen 

samples; a small number were formalin-fixed paraffin-embedded tissue initially acquired for 

BRAF V600 mutation testing. All samples were shipped to a central laboratory for 

subsequent analysis and processed for RNA-sequencing as described below.

RNA-sequencing

RNA was extracted from fresh frozen and formalin-fixed paraffin-embedded tissue biopsies 

using Maxwell RNA extraction kits (Promega #AS1280). To enrich for mRNA, rRNA was 

depleted using RNase H digestion. The rRNA-depleted RNA was fragmented, converted to 

cDNA, and constructed into sequencing libraries with the TruSeq RNA Library Preparation 

Kit v2 (Illumina #RS-122-2001 and #RS-122-2002). The resulting libraries were sequenced 

with 100-bp paired-end reads to a target depth of 50 million total reads per sample on an 

Illumina HiSeq.

Next-generation sequencing data processing

Sequencing reads were aligned to the human reference genome (hg19) using STAR (13). 

HTSeq was used to quantify the number of reads aligned to each gene in the RefSeq 

transcriptome (14). Sequencing data were evaluated for quality, and low-complexity libraries 

with <2 million estimated unique read pairs were excluded from downstream analysis. In 

total, 140 samples were compatible with downstream analysis, including 80 baseline 

samples and 60 on-treatment samples primarily collected after 2 weeks of therapy. Gene 

count data were normalized using the trimmed mean of M values method as implemented in 

edgeR (15). All downstream gene signature analyses were performed on the log2 of the 

normalized gene count data, after adding 0.1 to all gene counts to avoid taking the log2 of 0.

Subtype classification

BM subtype classification was performed using the classifier described in Barras and 

colleagues (8) and the code made available by the authors of that study (http://bcf.isb-sib.ch/

Projects/CRC_BRAFmut_subtypes.html). BM subtype classification was compared with the 

clusters obtained with hierarchical clustering based on the Ward method (16) using gene 

expression for the genes reported as differentially expressed between BM1 and BM2 (8) that 

overlapped our RNA-seq gene-expression results (N = 467). CMS subtype classification was 

performed using the classifier implemented in the CMSClassifer R package (Sage 
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Bionetworks; https://github.com/Sage-Bionetworks/CMSclassifier) using the single-sample 

predictor method.

Gene signature analysis

Immune gene-expression signatures were derived by clustering tumor gene expression from 

The Cancer Genome Atlas into modules of highly correlated genes. Each module was then 

assigned by expert curation to a particular immune cell type where possible. The 20 

signatures that could be assigned to a unique immune cell type were then evaluated in the 

gene-expression data generated from the clinical samples. Expression of immune signatures 

was calculated as the mean of the log2 normalized expression of all genes in each gene 

signature. The specific genes that each immune signature is composed of are listed in 

Supplementary Table S1.

Statistics and multivariate modeling

The D+T+P population was used for the multivariate analysis, which contained two steps. 

The first step was to prescreen for those immune gene signatures that were significantly 

associated with PFS. A Cox proportional hazards model was applied to each of the 20 

immune gene signatures, including both BM subtype and baseline expression of the immune 

gene signature as covariates. Any immune signatures that emerged as significantly 

associated with PFS were selected and used in the subsequent second step of the multivariate 

analysis. In this final step, a Cox proportional hazards model was developed that included 

BM subtype, the preidentified immune gene signatures associated with PFS, and the G2M 

cell-cycle signature. All survival analyses were done in R version 3.4.3 using the survival 

2.41-3 package (R Foundation).

Data sharing and availability

Novartis is committed to sharing with qualified external researchers access to patient-level 

data and supporting clinical documents from eligible studies. These requests are reviewed 

and approved by an independent review panel on the basis of scientific merit. All data 

provided are anonymized to respect the privacy of patients who have participated in the trial 

in line with applicable laws and regulations. This trial data availability is according to the 

criteria and process described on www.clinicalstudydatarequest.com.

Results

We recently reported the clinical outcomes and initial tissue/blood biomarker results for 

patients with advanced BM colorectal cancer treated with 3 different combination regimens 

targeting the BRAF/MEK/EGFR pathway (trial registration ID: NCT01750918). The 

confirmed response rate (RR) with the D+T+P triplet combination was 21% (n = 19 out of 

91), with an unconfirmed RR of 32% and a median progression-free survival (PFS) of 4.2 

months (10). Confirmed RRs with the D+P doublet and the T+P doublet were 10% and 0%, 

respectively. Given this modest activity, and the cost and toxicity associated with these 

regimens, we investigated whether there were other predictive biomarkers for outcome 

beyond BRAF V600E mutational status. Specifically, we explored the possibility that the 
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cancers in those patients who derived benefit from the combination had an underlying 

biology distinct from that in patients who derived no obvious benefit.

We first asked whether the transcriptional context in which the BRAF V600E mutation was 

found influenced response to therapy. We applied the recently described BM1 and BM2 

transcriptional signatures (8) to RNA expression data generated using fresh-tissue biopsies 

from patients treated in the study, obtained for pharmacodynamic analyses and other 

translational work. From the D+T+P cohort, RNA-sequencing (RNA-seq) gene-expression 

data were successfully obtained from 34 paired patient biopsy samples (days 1 and 15) and 

16 separate baseline biopsy samples from day 1 only, yielding baseline samples from 50 

patients. Although this represents a meaningful sample set, analyzable samples were not 

available from all study participants: some pretherapy samples failed during processing, 

whereas other patients either refused biopsy after registration or were found to have lesions 

unsuitable for biopsy.

Forty-six of 50 baseline biopsies (92%) from D+T+P-treated patients were from metastatic 

sites: 26 hepatic, 9 nodal, 10 peritoneal/mesenteric/omental/intra-abdominal, and 1 from the 

chest wall. Baseline biopsies were also available from 30 total patients in the D+P and T+P 

cohorts. The distribution of biopsy sites from these cohorts was similar, with 26 of 30 (86%) 

taken from metastatic sites: 18 hepatic, 6 nodal, 1 peritoneal/mesenteric/omental/intra-

abdominal, and 1 from the lung. Baseline characteristics—including median age, gender, 

Eastern Cooperative Oncology Group performance status, number of prior lines of therapy, 

prior anti-EGFR therapy (<20% for both subtypes), and primary tumor location—were 

similar between BM1 and BM2 patients (Supplementary Table S2). Thus, this biorepository 

represents a meaningful number of fresh, largely metastatic biopsy samples from patients 

with BM colorectal cancer.

We performed hierarchical clustering based on gene expression of 467 genes in our RNA-

seq data set that overlapped with published reports of genes that are differentially expressed 

between BM1 and BM2 (8). The hierarchical clustering method closely reproduced the 

subtypes assigned by the published classifier (88% concordance between subtype assigned 

by hierarchical clustering based on expression of 467 genes in our RNA-seq library and 

subtype assigned by the published classifier; Fig. 1A). BM1 and BM2 subtypes were 

distributed across all tissue sites, both primary and metastatic, sampled in this analysis. The 

proportion of BM1 tumors across all samples was 32%, consistent with the frequency seen 

in samples from resected patients (8). For 64 patients across all 3 combination therapies, we 

had information regarding both baseline BM subtype and MSI status; no difference was 

observed in MSI-positive status between the two BM subtypes [BM1, 13.3% and BM2, 

14.3% (Fisher P > 0.99)]. However, there were clear differences in the distribution of CMS 

subtypes between the two BM subtypes. The majority of BM1 samples were CMS4, 

whereas there was a more even distribution of CMS subtypes across the BM2 samples that 

were classified (Fig. 1B).

Figure 2 shows the waterfall plot of best confirmed responses according to Response 

Evaluation Criteria in Solid Tumors (RECIST) in patients treated with the D+T+P 

combination, color-coded by BM subtype. The confirmed RR in BM1 patients was 38% 
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compared with 7% in BM2 patients [Fisher P (two-tailed) = 0.01]. A similar trend was seen 

for unconfirmed RR [BM1, 44% and BM2, 26% (P = 0.32)]; however, this trend did not 

reach statistical significance. The discrepancy between the confirmed and unconfirmed RR 

in BM2 was due to the very short duration of response in BM2 (2.8 months compared with 

7.6 months in BM1), leading to a lack of confirmation of response on the subsequent scan. 

BM subtype was also associated with PFS and overall survival (OS). The median PFS with 

D+T+P was 7.4 months in BM1 and 3 months in BM2 (HR, 4.33; log-rank P = 0.0012; Fig. 

3A). The median OS with D+T+P was 19.8 months in BM1 and 6.3 months in BM2 (HR, 

3.37; log-rank P = 0.012; Fig. 3B). Thus, despite the poorer outcomes for patients with 

resected BM1 colorectal cancer compared with those with the BM2 subtype, BM1 patients 

exhibit a higher response rate and longer survival with D+T+P treatment compared with 

BM2 patients (8).

The poor response to D+T+P in patients with the BM2 subtype was not due to a lack of 

downstream pathway suppression in this subtype. There were significant reductions from 

baseline in both phosphorylated ERK (pERK) and phosphorylated S6 (pS6) expression, as 

measured immunohistochemically, in the matched on-treatment biopsies taken from BM2 

patients treated with D+T+P (Supplementary Fig. S1). In addition, significant suppression of 

MAPK activity, as measured by MAPK pathway activity score (MPAS) gene signature 

expression (17), was also observed in the on-treatment samples taken from both BM1 and 

BM2 patients treated with D+T+P (Supplementary Fig. S2). Minimal or lack of MAPK 

suppression (log2FC > −0.25) was observed in a total of seven patients with paired baseline 

and on-treatment data: 4 of 11 BM1 patients and 3 of 23 BM2 patients. There was no 

significant association of BM subtype with this minimal or lack of MAPK suppression 

(Fisher P = 0.18).

To explore alternative possible reasons for the different outcomes observed in BM1 and 

BM2 patients, we first examined the differential baseline expression of the proapoptotic 

protein BIM between BM1 and BM2 subtypes. BIM levels are an important determinant of 

the response of BM cells to MEK inhibition (18), and BIM was previously shown to be 

overexpressed in the BM1 subtype in primary cancer samples (8). However, we found no 

differences in BIM expression between BM1 and BM2 in our cohort of largely metastatic 

samples (Supplementary Fig. S3A). Alternatively, we hypothesized that greater dependency 

on pathway activation might underlie responsiveness in BM1 cancers, as enrichment of 

KRAS signaling signatures in BM1 has been previously demonstrated (8). The hallmark 

KRAS signature 5953, previously shown to be upregulated in BM1 relative to BM2, 

includes the DUSP6, SPRY2, ETV4, and ETV5 genes, all of which predict sensitivity to 

MEK inhibition (19, 20). We thus applied the parsimonious MPAS gene signature—which 

has been previously used in colorectal cancer (17) and contains the CCND1, DUSP4, 
DUSP6, ETV4, ETV5, NT5E, SPRY2, and SPRY4 genes—to our sample set but found no 

difference in baseline expression between BM1 and BM2 and no association with clinical 

outcome regardless of BM subtype (Supplementary Fig. S3B). In contrast, the E2F and G2M 

cell-cycle signatures previously identified as enriched in the BM2 subtype (8) were 

confirmed to be highly enriched at baseline in BM2 in our cohort, though change in cell-

cycle signature expression with D+T+P treatment was not significantly associated with 

clinical outcome (Supplementary Fig. S4).
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Given that previous studies have shown that the efficacy of BRAF inhibitors is dependent on 

an intact immune system (21, 22), we also analyzed the immune contexture of our sample 

set by evaluating the expression of a set of 20 immune gene signatures based on modules of 

highly correlated genes, newly derived from gene-expression data from The Cancer Genome 

Atlas and assigned by expert annotation to particular immune cell types (see Materials and 

Methods as well as Supplementary Table S1 for the composition of the immune metagenes 

analyzed), 12 of which were more highly expressed in either BM1 or BM2. Overall, BM1 

samples in our data set had significantly higher levels of immune infiltration, with 10 of the 

12 differentially expressed immune metagenes exhibiting greater baseline expression in the 

samples taken from D+T+P-treated BM1 patients than in the samples from BM2 patients. 

Baseline expression of the T-cell (P = 0.008), cytotoxic cell (P = 0.033), Langerhans 

dendritic cell (DC; P = 0.0062), plasmacytoid DC (pDC)-like (P = 0.037), phagocytic C-type 

lectin domain containing 9A (CLEC9A; P = 0.003), macrophage (P = 0.02), M2 (P = 

0.0019), fibroblast (P = 8.2e-06), mast cell (P = 0.0002), and regulatory T-cell (Treg; P = 

0.0062) signatures was significantly greater in BM1 than in BM2 (Fig. 4). Only two immune 

metagenes, the polymorphonuclear neutrophil (PMN) 1 (P = 0.039) and neutrophil 

chemokine (P = 0.0017) signatures, exhibited the opposite pattern, with significantly higher 

expression in BM2 samples.

Of the 20 immune gene signatures investigated, three were also significantly associated with 

confirmed response, and this was true regardless of BM subtype (P < 0.05): the T-cell, 

memory B-cell, and phagocytic CLEC9A signatures; an association of the Treg signature 

with response was also observed (P = 0.078; Fig. 5). Of note, these four immune signatures 

do not have any gene overlap with the BM1 or BM2 signatures, and the phagocytic 

CLEC9A signature had the greatest correlation with BM subtype of the four (Table 1). To 

assess whether these immune gene signatures associated with response were modulated on-

treatment, we analyzed their expression in the biopsies taken from those patients (n = 34) 

with paired baseline and on-treatment samples. We observed significant increases in 

expression of the T-cell (P = 0.018) and phagocytic CLEC9A (P = 0.0013) signatures, and a 

borderline significant increase in the memory B-cell signature (P = 0.057), on-treatment; 

however, there was no significant difference in Treg signature expression from baseline (P = 

0.59; Supplementary Fig. S5). Moreover, we observed that, among the 20 immune gene 

signatures we investigated, some that were not significantly associated with response were 

nevertheless significantly upregulated in the on-treatment samples; thus, neither changes in 

immune gene signature expression on-treatment, nor the magnitude of such changes, were 

associated with response (Supplementary Table S3).

Given the differential expression of key immune and cell-cycle gene signatures among BM 

subtypes, we questioned whether any of these gene signatures might contribute 

independently to treatment outcomes or if BM subtype alone encapsulates this effect. To that 

end, we performed a multivariate analysis of factors that may impact PFS with D+T+P 

treatment. First, we applied a Cox proportional hazards model to each of the 20 immune 

gene signatures to prescreen for those significantly associated (P < 0.05) with both PFS and 

BM subtype; association values for all of the immune gene signatures with PFS are listed in 

Table 1. This screening identified 8 immune gene signatures, all of which were positively 

associated with PFS, for which this association reached significance: T-cell (P = 0.014), 

Middleton et al. Page 8

Clin Cancer Res. Author manuscript; available in PMC 2021 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cytotoxic cell (P = 0.015), macrophage (P = 0.026), IFNγ (P = 0.029), B-cell (P = 0.007), 

memory B-cell (P = 0.001), pDC-like (P = 0.02), and Treg (P = 0.015). We next applied a 

multivariate Cox proportional hazards model that included BM subtype as well as baseline 

expression of gene signatures that are associated with each BM subtype: the G2M cell-cycle 

signature (for BM2) and the 8 immune metagenes that were identified to be associated with 

PFS (for BM1). Of the factors included in the multivariate analysis, only BM subtype 

emerged as associated with PFS (Table 2; HR, 5.12; P = 0.017). This demonstrates that BM 

subtype has a significant independent effect on PFS and encapsulates the majority of the 

outcome of differential immune and cell-cycle gene signature expression. Thus, BM subtype 

appears to be an independent predictive biomarker, beyond mutational status, of outcome 

with combinatorial BRAF/MEK/EGFR-based therapy that should be considered during 

therapeutic selection for patients with BM colorectal cancer.

Discussion

We demonstrated that patients with BM1-subtype colorectal cancer have a significantly 

better RR, median duration of response, and median PFS and OS than patients with BM2-

subtype disease when treated with the D+T+P combination. The BM1 RR of 38%—with 

median response duration, PFS, and OS of 7.6, 7.4, and 19.8 months, respectively—is 

meaningful and of therapeutic value. However, the median PFS and OS in BM2 patients 

treated with D+T+P were only 3 and 6 months, respectively, with <10% of patients having a 

confirmed response to therapy. The median PFS we observed with BM2 patients is similar to 

the median post-progression survival after failure of first-line chemotherapy observed in 

patients with metastatic BM colorectal cancer (23). Thus, given the toxicity and expense of 

combinatorial regimens, these observations suggest that consideration should be given to 

restricting the use of D+T+P, as well as analogous combinations targeting the BRAF/MEK/

EGFR pathway, to BM1 patients.

The results of the randomized phase III BEACON trial (trial registration ID: NCT02928224) 

were recently published, in which the triplet BRAF/MEK/EGFR inhibitor combination of 

encorafenib, binimetinib, and cetuximab significantly improved OS compared with the 

control arm of cetuximab plus investigator’s choice chemotherapy in patients with BM 

colorectal cancer. The outcomes measures for the triplet regimen used in BEACON were 

similar to those observed with D+T+P: median OS was 9 months, median PFS was 4.3 

months, and the confirmed objective RR was 26% (24). Thus, with both D+T+P and the 

BEACON triplet combination, only approximately 25% of patients with BM colorectal 

cancer had an objective response to therapy, and only 50% of those patients were 

progression free beyond 4 to 5 months. Moreover, we found that D+T+P treatment was 

associated with a median OS of 19.8 months in BM1 colorectal cancer patients, a substantial 

increase over the 9-month median OS observed in the broader BEACON patient population 

(24). It is important to note that BM1 patients tend to have a worse outcome than BM2 

patients (8), and so these outcome data with targeted therapy are particularly noteworthy. 

These results indicate that BM subtype could represent a key biomarker to aid in the 

appropriate selection of those patients with BM colorectal cancer who are more likely to 

benefit from combinatorial BRAF/MEK/EGFR inhibition, and suggest that these results 

should be validated in ongoing studies of the encorafenib, binimetinib, and cetuximab 
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combination. To our knowledge, the present report is the first in which the transcriptional 

context of a tumor bearing a canonical mutation has been shown to impact responses to 

therapy targeting that mutation.

Preclinical studies have demonstrated that immune reactivity is critical to the efficacy of 

BRAF V600 inhibition in BM cancers. Depletion of CD8+ T cells abrogated the efficacy of 

the BRAF inhibitor vemurafenib in a vemurafenib-sensitive transplantable BRAF/Pten 

mouse model but had no effect on tumor growth in untreated control mice (25). CD4+ T 

cells have also been shown to be important for the efficacy of the vemurafenib precursor 

compound PLX4720 (22). The neutralization of IFNγ and abrogation of CD40/CD40-ligand 

signaling reduced the efficacy of BRAF inhibition, and IFNγ and vemurafenib had 

synergistic effects in limiting the growth of both murine and human BM cancer cells (21, 

22). Finally, CD8+ T-cell density has been shown to independently impact PFS in patients 

with BM melanoma treated with either BRAF inhibitor monotherapy or BRAF/MEK 

inhibitor combination therapy (26).

Our findings demonstrate that BM1-subtype colorectal cancer is immunologically enriched 

relative to the BM2 subtype, whereas responders regardless of transcriptional subtype had 

higher expression of the T-cell, memory B-cell, Treg, and phagocytic CLEC9A signatures 

compared with nonresponders. Although the positive impact of T-cell density on colorectal 

cancer outcomes is well described, T cells are tightly associated with B cells in colorectal 

cancer, and B-cell density is a positive prognostic marker in colorectal cancer (27, 28). B 

cells positively modulate T-cell responses through antigen presentation, provision of 

costimulation, and cytokine release (29). Alongside B cells, BDCA3+ myeloid DCs appear 

to be the main cross-presenting cell type and the main source of cross-presenting antigen 

from necrotic cancer cells (30). CLEC9A is selectively expressed by this DC subset in 

humans and can cross-present to both CD8+ and CD4+ T cells (31). Although the 

association between Tregs and colorectal cancer outcomes appears counterintuitive, it is well 

known that in colorectal cancer, FoxP3+ Tregs infiltrate both the epithelium and stroma and 

are significantly positively associated with OS, in contrast to the poor outcomes seen with 

high Treg infiltration in most other cancers (32). This finding has been attributed to the 

unique microenvironment of primary colorectal cancer, where Tregs may be important in 

limiting the inflammatory response initiated by bacterial translocation and the deleterious 

effects of TH17 cells (33). Although the majority of differentially expressed immune gene 

signatures were enriched in BM1, the chemokine neutrophil and PMN 1 signatures are 

notable exceptions that were instead enriched in BM2. In some studies, neutrophils play a 

role in creating an unfavorable tumor microenvironment, and a high neutrophil-to-

lymphocyte ratio is predictive of poor response in colorectal cancer (34, 35). In a 

multivariate model that included BM subtype as well as key immune and cell-cycle gene 

signatures, the only factor that independently predicted improved PFS with combinatorial 

BRAF/MEK/EGFR blockade was BM subtype. Thus, BM subtype captures much of the 

diverse biology, including the immunobiology, of BM colorectal cancer, which might in part 

explain the differences in therapeutic outcomes observed between BM1 and BM2 patients.

The majority of the BM1 cancer biopsy samples taken from metastatic sites of patients with 

BM colorectal cancer were of the CMS4 subtype. CMS4 is the mesenchymal subtype 

Middleton et al. Page 10

Clin Cancer Res. Author manuscript; available in PMC 2021 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



characterized by upregulation of EMT genes and activation of TGFβ signaling (7). In early-

stage resected BM colorectal cancer, all CMS4 tumors were found to belong to the BM1 

subtype (8); our work demonstrates that metastatic BM1 cancers are also largely of the 

EMT-enriched CMS4 subtype. BRAF V600E activation is characteristic of the sessile 

serrated adenoma (SSA) pathway. SSAs are molecularly and histologically distinct from the 

main precursor lesion of colorectal cancer, the tubular adenoma. The strength of TGFβ 
signaling was found to be of critical importance in determining whether SSAs adopt a 

CMS1 or CMS4 transcriptional program. Tubular adenomas could be clearly distinguished 

from SSAs using a TGFβ response signature because of higher expression in the latter and, 

as expected, the signature could segregate CMS4 from CMS1–CMS3 cancers. Interestingly, 

the response signature clustered the SSAs into two groups: those with the highest expression 

of TGFβ were of the CMS4 subtype, and those with the lowest were CMS1. These data 

strongly suggest that the differentiation of SSAs into CMS1 or CMS4 cancer is dependent 

on the strength of TGFβ signaling. Consistently, TGFβ-related genes were more highly 

expressed in the SSAs classified as CMS4 than in SSAs classified as CMS1. Unlike BRAF 
wild-type tubular adenomas, organoid cultures carrying BRAF V600E did not undergo 

apoptosis when treated with TGFβ but instead had a strong induction of EMT in the 

majority of cells, suggestive of SSA origins (36). Thus, metastatic BM1 cancers appear to 

originate from SSA lesions that progress to carcinoma under the influence of strong TGFβ 
signaling which, in turn, activates EMT and angiogenesis. Finally, some of the previously 

identified molecular differences between BM1 and BM2 were not replicated in the current 

study, including subtype differences in signatures of MAPK pathway activation (8). 

However, >90% of samples analyzed in the current study were from metastatic sites rather 

than from primary tumors, and the impact of BM subtype on the degree of MAPK pathway 

activation is unknown.

In summary, we have shown that the BM1 subtype of metastatic colorectal cancer represents 

the majority of metastatic BM CMS4 cancers, a known aggressive molecular phenotype (7). 

However, these cancers demonstrate useful clinical sensitivity to BRAF/MEK/EGFR 

inhibition with D+T+P. In contrast, BM2 cancers appear to be relatively insensitive to D+T

+P triplet blockade, suggesting these patients may be better served by other treatment 

regimens. We acknowledge that the sample size of the current study is relatively small, and 

thus these observations require further validation. However, they suggest that BM1 subtype 

may be an important predictive marker for the efficacy of BRAF pathway-targeted therapy 

in BM colorectal cancer, a particularly important finding given the cost and potential toxicity 

of these combinations. This is the first demonstration, to our knowledge, that the 

transcriptional contexture of a canonical mutation affects outcome with targeted therapy 

directed against that mutation. These results suggest that ongoing trials of combination 

targeted therapy for colorectal cancer should stratify patients by BM subtype and that such 

trials in patients selected for BM1 subtype are warranted. Moreover, assessing the 

association between BM subtype and outcomes with other therapeutic regimens in colorectal 

cancer will help to elucidate whether this is a specific interaction between BM1 and BRAF 

pathway–targeted therapy, or if there is a more generalizable impact of BM subtype on 

outcomes with different treatment modalities in colorectal cancer.

Middleton et al. Page 11

Clin Cancer Res. Author manuscript; available in PMC 2021 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

There is increasing evidence to support a role for combined BRAF/MEK/EGFR 

inhibition in the treatment of BRAF-mutant colorectal cancer. The present study 

demonstrates the importance of considering the transcriptional context of mutations 

before applying targeted therapy, highlighting the identification of BM subtype as critical 

for optimal patient selection.
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Figure 1. 
Characterization of the transcriptional and molecular subtypes of biopsy samples from 

patients with colorectal cancer. A, Determination of BM subtype via hierarchical clustering 

based on 467 published genes that are differentially expressed between BM1 and BM2 in 

baseline (N = 80) and on-treatment (N = 60) biopsies from patients treated with D+T+P, D

+P, or T+P. Heat map shows the scaled-by-gene log2 counts per million gene-expression 

data, with lower expression represented in blue and higher expression represented in red. 

BM subtype, as determined by published classifier and biopsy time point, is represented as 

horizontal bars above the heat map. Samples are ordered by hierarchical clustering based on 

Ward’s D. B, Distribution of CMS subtypes across the two BM subtypes in baseline biopsy 

samples (BM1, n = 22; BM2, n = 60) from patients treated with D+T+P, D+P, or T+P. CMS 

subtype was determined using the published classifier (https://github.com/Sage-

Bionetworks/CMSclassifier).
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Figure 2. 
Increased rate of response to D+T+P in patients with BM1-subtype colorectal cancer. 

Waterfall plot showing maximum change in tumor size from baseline, colored by confirmed 

best response by RECIST in D+T+P-treated patients with baseline RNA-seq data (n = 47). 

BM subtype at baseline is represented by filled circles below the waterfall: BM1 (red) and 

BM2 (blue). Partial responses were observed in 6 of 16 BM1 patients and 2 of 31 BM2 

patients.
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Figure 3. 
BM1 subtype is associated with increased PFS and OS with combination BRAF/MEK/

EGFR inhibition. A, PFS in BM1 (n = 16) and BM2 (n = 34) patients treated with D+T+P. 

B, OS in BM1 (n = 16) and BM2 (n = 34) patients treated with D+T+P. P values represent 

BM1 versus BM2 by the log-rank test.
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Figure 4. 
Immune contexture of BM subtypes reveals increased immune infiltration in BM1-subtype 

colorectal cancer. Box plots show baseline expression of immune gene signatures in biopsy 

samples derived from BM1 (n = 16) versus BM2 (n = 34) patients treated with D+T+P. Of 

20 immune metagenes tested, 12 were differentially expressed in BM1 versus BM2, 

including 10 more highly expressed in BM1. P values represent significance based on a 

nonparametric Wilcoxon rank sum test.
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Figure 5. 
Key immune metagenes are associated with confirmed response to BRAF/MEK/EGFR 

inhibitor combination therapy regardless of BM subtype. Box plots show T-cell, memory B-

cell, Treg, and phagocytic CLEC9A signature expression levels in confirmed responders 

(patients with partial response via RECIST) and nonresponders (patients with stable or 

progressive disease via RECIST) across BM subtypes. P values were derived using a two-

tailed t test.
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Table 2.

Multivariate analysis of the association between gene signature expression and PFS with D+T+P.

Signature Hazard ratio (95% CI) P value

BM subtype 5.12 (1.34-19.56) 0.017

B-cell 0.76 (0.42-1.38) 0.367

B-cell: memory 1.49 (0.99-2.22) 0.055

Cytotoxic cell 0.7 (0.38-1.28) 0.248

IFNγ 0.78 (0.5-1.22) 0.271

Macrophage 2.37 (0.89-6.28) 0.084

pDC-like 0.82 (0.32-2.05) 0.667

T-cell 0.84 (0.43-1.61) 0.593

Treg 1.1 (0.48-2.53) 0.82

G2M 1.89 (0.78-4.58) 0.158

Note: The model incorporates the gene signature for BM subtype, 8 key immune gene signatures, and the G2M cell-cycle gene signature. Note that 
the E2F and G2M cell-cycle signatures are highly correlated (0.99); thus, only one (G2M) was included in the multivariate model.
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