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Abstract 

Aberrant activation of MAPK signaling leads to activation of oncogenic transcriptomes.

How MAPK signaling is coupled with transcriptional response in cancer is not fully understood.

In two MAPK activated tumor types, gastrointestinal stromal tumor and melanoma, we find that 

ETV1 and other Pea3-ETS transcription factors are critical nuclear effectors of MAPK signaling

that are regulated through protein stability. Expression of stabilized Pea3-ETS factors can 

partially rescue the MAPK transcriptome and cell viability after MAPK inhibition. To identify 

players involved in this process, we performed a pooled genome-wide RNAi screen using a 

novel fluorescence-based ETV1 protein stability sensor, and identified COP1, DET1, DDB1,

UBE3C, PSMD4 and COP9 signalosome members. COP1 or DET1 loss led to decoupling 

between MAPK signaling and downstream transcriptional response, where MAPK inhibition 

failed to destabilize Pea3 factors and fully inhibit the MAPK transcriptome, thus resulting in 

decreased sensitivity to MAPK pathway inhibitors. We identified multiple COP1 and DET1 

mutations in human tumors that were defective in degradation of Pea3-ETS factors. Two 

melanoma patients had de novo DET1 mutations arising after vemurafenib treatment. These 

observations indicate that MAPK signaling-dependent regulation of Pea3-ETS protein stability is

a key signaling node in oncogenesis and therapeutic resistance to MAPK pathway inhibition.
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Introduction

The MAP kinase (MAPK/ERK) signaling pathway is aberrantly hyperactivated in 

multiple malignancies via prevalent mutations in BRAF, NF1, various Ras isoforms, KIT and 

other receptor tyrosine kinases. Molecular targeted therapies that inhibit hyperactive MAPK

signalling in cancer, such as RAF and MEK inhibitors for BRAFV600-mutant melanoma (1, 2) and 

KIT inhibitor therapy for KIT/PDGFRA-mutant gastrointestinal stromal tumor (GIST) (3, 4)

have revolutionized cancer treatment. Yet, targeted therapies are hampered by heterogeneity in 

the depth and duration of response and eventual drug resistance. The mechanisms of resistance 

are heterogeneous. Approximately 50% of resistant cases harbor secondary genetic lesions that 

reactivate the MAPK pathway, such as mutations in RAF, MEK, NF1, Ras isoforms in melanoma 

and secondary KIT mutations in GIST (5-7). Additionally, adaptive and reversible alterations that 

alter gene expression have been shown to modulate therapeutic sensitivity without detectable 

genetic alterations (8, 9).

Physiologically, the MAPK signaling pathway couples extracellular signals to a 

multitude of intracellular responses, including critically transcriptional changes. Cancers with 

constitutively activated MAPK signaling exhibit elevated ERK-dependent transcriptional output 

and inhibition of this output is correlated with therapeutic response to targeted therapies (10, 11).

While one characterized mode of transcriptional regulation is direct ERK-mediated 

phosphorylation of transcription factors (12-14), other mechanisms that dynamically couples 

ERK activity and modulates the nuclear transcriptional output response in ERK-dependent 

cancers has not been elucidated.

In GIST, the ETS factor, ETV1, is a lineage-specific master regulator that cooperates 

with KIT/PDGFRA activating mutations in pathogenesis (15-19). In cutaneous melanoma, ETV1 
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is recurrently amplified and cooperates with BRAFV600E activating mutation in oncogenesis (20,

21). The cooperative oncogenic effects of ETV1 with KIT- or BRAF- activating mutations is in 

part through ETV1 protein stabilization and MAPK pathway inhibition with either KIT or MEK 

inhibitors leads to rapid ETV1 degradation (15-17). This implicates the dynamic regulation of 

ETV1 protein stability as a critical mechanism to couple ERK activity to downstream nuclear 

transcriptional response in GIST and melanoma. Previously, COP1 has been shown to be an E3 

ligase that mediated degradation of Pea3 transcription factors and in prostate cancer COP1 loss is 

an alternative mechanism to overexpress ETS factors to genomic translocation (22-25).

Here, we demonstrate that ETV1 and other Pea3 family members are critical downstream 

transcriptional mediators of MAPK signaling in GIST and melanoma. To identify genes involved 

in MAPK signaling-dependent regulation of ETV1 protein stability, we performed a pooled 

genome-wide shRNA screen using a fluorescently tagged ETV1 as high-throughput readout. We 

identified a set of genes including COP1, DET1, DDB1, and members of the COP9 signalosome, 

whose loss results in persistent stabilization of ETV1 protein levels despite MAPK pathway 

inhibition. We show that in addition to baseline stability, COP1 and DET1 regulate of MAPK 

signaling-dependent Pea3 family stability. COP1 and DET1 loss led to maintenance of ETV1

protein levels and maintenance of MAPK transcriptional output in the presence of MAPK/ERK

pathway inhibitors, and result in therapeutic resistance in vitro and in vivo. We identified a 

number of COP1 and DET1 mutations in human cancers that are defective in Pea3 factor 

degradation. In particular, we found two melanoma patients with de novo DET1 mutations after 

vemurafenib resistance. These observations highlight that the MAPK signaling-Pea3 ETS protein 

stability axis is a central regulatory node that dynamically couples upstream signaling with 

nuclear transcriptional output in ERK-dependent cancer and shape the sensitivity to targeted 
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therapeutics. They also suggest that dysregulation of COP1, DET1 and likely other genes 

involved in the MAPK-dependent ETV1 protein stability regulation can converge on the same 

novel mechanism in mediating therapeutic resistance to MAPK pathway inhibition.
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Results

Pea3 ETS factors are MAPK-nuclear effectors of MAPK signaling strength through direct 

regulation of negative-feedback regulators

Most GISTs harbor KIT mutations that activate multiple downstream signaling pathways 

including the MAPK, PI3K, and STAT3 pathways. To determine the contribution of downstream 

MAPK signaling to the mutant KIT-mediated transcriptional output, we compared the

transcriptional changes of KIT and MAPK signaling perturbations by the KIT inhibitor imatinib 

and the MEK inhibitor PD325901 in three KIT-mutant GIST cell lines (GIST48, GIST882, and 

GIST-T1). In GIST48 cells that harbor a secondary imatinib resistance KIT mutation, 

PD325901caused greater ERK inhibition and ETV1 depletion than imatinib. In GIST882 cells, 

PD325901and imatinib were both durably potent. In GIST-T1 cells, imatinib caused durable 

MAPK pathway inhibition whereas PD325901 caused only transient inhibition with rapid 

rebound of ERK phosphorylation and stabilization of ETV1 proteins (Supplemental Figure 1A-

C). Nevertheless, the transcriptome changes by imatinib and PD325901 were highly concordant

in all three GIST cell lines. The magnitude of transcriptome change paralleled the effects on

MAPK signaling inhibition, e.g. greater transcriptome changes with PD325901 than imatinib 

treatment in GIST48 cells, greater transcriptome changes with imatinib than PD325901 treatment

in GIST-T1 cells, and similar transcriptome changes with imatinib and PD325901 treatment in 

GIST882 cells (Supplemental Figure 1D-F). This indicates that in GIST, the transcriptional 

output downstream of KIT mutation is primarily through MAPK. 

To determine if ETV1 is a transcriptional effector of MAPK signaling in GIST and 

melanoma, we performed integrative analysis of the MAPK transcriptome, the ETV1 

transcriptome, and the ETV1 cistrome in the three GIST cell lines and two BRAFV600E-mutant 
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melanoma cell lines (A375 and Colo800). We generated the MAPK signaling-dependent

transcriptome by profiling cells treated with the PD325901 in GIST48 and GIST882, imatinib in 

GIST-T1 (see Supplemental Figure 1D-F), and the RAF inhibitor, vemurafenib, in A375 and 

Colo800 (26). We next generated gene sets of ETV1-dependent genes by comparing cells 

infected with two independent ETV1-specific shRNA (ETV1sh1 and ETV1sh2) with scrambled

control shRNA (shSCR) for all five cell lines. For GIST48, we added an additional gene set of 

siRNA-mediated ETV1 knockdown as an orthogonal knockdown method. We supplemented 

these with custom gene sets of GIST-specific genes, mouse ICC-MY specific genes, and MAPK 

regulated genes (Supplemental Table 1).

We performed gene set enrichment analysis (GSEA) on the MAPK transcriptome for 

each cell line, employing our custom gene sets together with ~6,000 gene sets from the 

Molecular Signatures Database (MSigDB). The analysis showed that ETV1-regulated gene sets

are significantly enriched among genes downregulated by MAPK pathway inhibition in both 

GIST and melanoma cells (Figure 1, Table 1, Supplemental Tables 2-6). The enrichment is 

higher within the same cell lineage than across different lineages, suggesting that MAPK 

signaling and ETV1 regulate both the lineage-specific transcriptome and a common 

transcriptome shared across different cell lineages. As expected, cell cycle gene sets and MAPK 

dependent gene sets were enriched in all cell lines. Since ETV1 is a GIST-lineage master 

regulator, GIST-lineage specific gene sets were highly enriched in GIST cell lines (Supplemental 

Tables 2-6).

We next performed ETV1 ChIP-seq in GIST-T1, A375, Colo800 cell lines and integrated

with prior ETV1 ChIP-seq profiles in GIST48 and GIST882 cells (15, 19). We mapped global 

ETV1 peaks for each cell line, merged them and annotated them as promoter (TSS ± 1kb) and 
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enhancer peaks (non-promoter). ETV1 promoter binding was similar across all 5 cell lines 

(Figure 2A). ETV1 enhancer binding was far more divergent, consistent with known observation 

that enhancer localization is lineage-specific (19). We performed unsupervised k-means 

clustering of ETV1 enhancer peaks, which identified 3 clusters consisting of GIST-specific, 

melanoma-specific, and shared enhancer peaks (Figure 2A). Pairwise comparison confirmed 

higher concordance of peaks within each lineage than between the two lineages (Supplemental

Figure 2). These data indicate that ETV1 binds to both common and lineage-specific sites.

We performed integrative analysis of the ETV1 cistrome with the MAPK regulated 

genes, defined in GIST as genes downregulated by PD325901 (GIST48, GIST882) or imatinib 

(GIST-T1) and in melanoma as genes downregulated by vemurafenib (A375, Colo800). We 

identified a common set of 17 genes that had ETV1 binding sites and were robustly regulated by 

MAPK signaling in both GIST and melanoma cells. Notably, within these genes are negative-

feedback regulators of the RAS/MAPK pathway, including DUSP6, SPRY2, SPRY4, SPRED1,

and SPRED2 (Figure 2B-C). MAPK negative-feedback regulators are dynamically regulated in 

response to MAPK signaling activity and their expression levels are correlated with MAPK

signaling output in cancer (10, 11). This observation suggests that ETV1 is involved in the 

homeostasis of MAPK signaling through direct regulation of the negative-feedback regulators. 

To corroborate this, we performed siRNA mediated knockdown of ETV1 and its related 

Pea3 ETS factors (ETV4 and ETV5) due to their redundant function as ETV1, in GIST882 and 

A375 cells. Downregulation of individual and in particular all three Pea3 ETS factors decreased 

DUSP6 and SPRY4 levels. There was a paradoxical increase in upstream MAPK signaling 

evidenced by increased ERK phosphorylation, presumably due to de-repression of the negative-
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feedback regulators (Figure 2D, Supplemental Figure 3). These data indicate that Pea3 ETS 

factors are MAPK signaling downstream effectors. 

A genome-wide fluorescence-based MAPK-ETV1 protein stability sensor screen 

We sought to identify factors that govern Pea3 ETS stability in response to MAPK 

signaling. In order to perform high-throughput whole genome screens for regulators of MAPK 

signaling-dependent ETV1 protein stability, we established a system to report ETV1 protein 

levels in individual living cells. We have chosen A2058 melanoma cells for the screen because 

1) they harbor the BRAFV600E mutation that constitutively activates the MAPK pathway to 

stabilize ETV1 protein, 2) the ETV1 protein levels can be dynamically destabilized by MAPK 

pathway inhibition by RAF or MEK inhibitors, and 3) they are resistant to growth suppression by 

MAPK pathway inhibition, which allows screening for ETV1 stability with MAPK inhibitor 

treatment without significant caveats of change in cell viability (27). We generated A2058 cells 

expressing MAPK-ETV1 stability sensors consisting of fusion proteins of ETV1 fragments with 

the green fluorescent EGFP and the red fluorescent tdTomato, under the same MSCV retroviral 

promoter with an internal ribosomal entry site (IRES) (Figure 3A) (28). We found that the 

amino-terminal 174 amino acids of ETV1, when fused to EGFP (EGFP-nETV1) was more 

robustly expressed than the full-length ETV1 (EGFP-flETV1) and maintained the MAPK 

signaling-dependent regulation of protein stability (Figure 3B). Because EGFP-nETV1 and 

tdTomato arise from the same transcript, the ratio of EGFP to tdTomato fluorescence in 

individual cells assayed by fluorescence-activated cell sorting (FACS) analysis is an indicator of 

EGFP-nETV1 protein stability. When the MAPK signaling was inhibited by either the RAF 

inhibitor, vemurafenib, or the BRAF-specific shRNA in A2058 cells, there was a robust decrease 
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in EGFP fluorescence with little change in tdTomato fluorescence, leading to a decrease in 

EGFP/tdTomato fluorescence ratio (Figure 3C-D).

To identify genes that regulate MAPK signaling-dependent ETV1 protein stability, we 

performed a pooled genome-wide RNAi screen using a mir-30 based shRNA library of ~76,000 

hairpins targeting ~20,000 human genes (29, 30). To obtain hits that maintained ETV1 protein 

levels despite MAPK pathway inhibition, we treated the A2058 MAPK-ETV1 sensor cells with 

the vemurafenib for 24 hours prior to isolation of cells with highest and lowest 5% as well as the 

middle 20% of EGFP/tdTomato fluorescence ratio by FACS (Figure 3E). Sorted cells were 

cultured for 2 weeks and re-sorted twice, with 24 hours of vemurafenib treatment prior to each 

sort, for a total of three rounds to enrich hits. The shRNA-mir representation was determined at 

each sort by next-generation sequencing. We observed a progressive shift in hairpin 

representation in high and low EGFP/tdTomato-sorted cells compared to the middle

EGFP/tdTomato-sorted cells, indicating that there was an enrichment of specific shRNAs in 

EGFP-high and EGFP-low populations (Supplemental Figure 4A). We used HiTSelect (31) to 

identify expressed genes whose hairpins are enriched in high EGFP/tdTomato-sorted cells (Table 

2, Supplemental Figure 4B and Supplemental Tables 7-8). To decrease the number of off-target 

hits, we removed hits that were not expressed in A2058 cells (RPKM<1). The top hits, defined 

by genes ranked in the top 15 in sorts 2 or 3 and top 1000 in the other sort, included COP1,

DET1, DDB1 and multiple members of the COP9 signalosome (CSN). These belong to a group 

of genes termed constitutive photomorphogenic/de-etiolated/fusca (cop/det/fus) in plants (Figure 

3F). Photomorphogenesis is a critical fate decision in plants; cop/det/fus genes couple light 

signals with transcriptionally regulated photomorphogenesis through regulating the protein 

stability of key transcription factors (32, 33). Mammalian COP1 and DET1 have been previously 
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identified to regulate protein degradation of Pea3 and other ETS factors at baseline (22, 24, 34).

However, their roles in MAPK signaling-dependent regulation are not fully appreciated. 

To validate the role of these candidates in MAPK signaling-dependent ETV1 protein 

stability regulation, we used the A375 melanoma cell line that harbors BRAFV600E mutation and 

is sensitive to MAPK pathway inhibition. We engineered a mCherry-nETV1 protein stability 

sensor to simultaneously measure mCherry fluorescence to track ETV1 protein level and 

TurboGFP (tGFP) fluorescence to track shRNA-mir expression (Figure 3G-H). We used 

shRNAs with targeting sequences distinct from those in the screening library to target the top 

ranked candidate genes, including COP1, DET1, DDB1, a CSN member (COPS2), the ubiquitin 

receptor of the 26S proteosome PSMD4 and the ubiquitin ligase UBE3C. We transduced cells 

(MOI ~0.5) to express the shRNA only in a fraction of cells, which allows the non-transduced 

cells as internal controls for FACS analysis. The scrambled shRNA (SCR)-expressing tGFP-

positive cells and the non-expressing tGFP-negative cells exhibited similar levels of baseline 

mCherry fluorescence with vehicle treatment, and mCherry fluorescence decrease with 

vemurafenib treatment. In contrast, tGFP-positive cells expressing shRNA against candidate 

genes exhibited increased baseline mCherry fluorescence with vehicle treatment, and diminished 

decrease of mCherry fluorescence upon vemurafenib treatment, indicating stabilized ETV1 

protein (Figure 3H). These data indicate that COP1, DDB1, DET1 and the CSN are involved in 

MAPK-signaling dependent regulation of ETV1 protein stability. 

COP1 couples MAPK signaling and Pea3 ETS-mediated transcriptome through dynamic 

protein stability regulation

To evaluate how MAPK signaling-dependent Pea3 ETS factor stability regulation 

influences the coupling of MAPK signaling-nuclear transcriptional output, we focused on COP1
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which was previously shown to regulated Pea3 family ETS protein stability at baseline in 

prostate cancer (22, 23). In GIST (GIST882, GIST-T1) and melanoma (A375) cells, COP1

interacts with ETV1 endogenously (Supplemental Figure 5A). CRISPR/Cas9-mediated knockout 

of COP1 caused increased baseline protein levels of Pea3 ETS (ETV1, ETV4 and ETV5), and 

the MAPK negative-feedback regulators (e.g. DUSP6, SPRY4) with concomitant decrease in

ERK phosphorylation (Supplemental Figure 5B). These data indicate that stabilized Pea3 ETS 

factors are sufficient to increase transcription of MAPK target genes.

We then examined the effect of COP1 depletion on MAPK regulated Pea3 ETS protein 

stability in GIST882 and A375 cells using siRNA-mediated knockdown of COP1 and 

CRISPR/Cas9 mediated knockout of COP1. In GIST882 cells treated with control siRNA

(siSCR) or control guide RNA (sgCON), MAPK pathway inhibition by imatinib or PD325901

led to a rapid decrease in Pea3 ETS protein levels within 30 minutes. However, in GIST882 cells 

with RNAi or CRISPR/cas9-mediated downregulation of COP1 (siCOP1 or sgCOP1), Pea3 ETS 

protein levels were higher at baseline (vehicle), and maintained at high levels without any 

decrease despite MAPK pathway inhibition by imatinib or PD325901 (Figure 4A and

Supplemental Figure 5C). Similarly, in A375 cells, COP1 depletion by siRNA or CRISPR/Cas9 

increased baseline protein levels of Pea3 ETS and diminished the protein reduction in response 

to MAPK pathway inhibition by vemurafenib or trametinib (Figure 4B and Supplemental Figure 

5D). In both cell lines, neither COP1 depletion nor MAPK pathway inhibitors significantly 

affected transcript levels of Pea3 ETS factors, indicating that the changes in protein levels were

likely due to protein stability regulation (Supplemental Figure 6A-D).

Next, we examined the effect of COP1 loss on the global MAPK signaling-dependent 

transcriptome. We performed transcriptome analyses by RNA-seq in GIST882 cells transfected
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with scrambled siRNA control (siSCR) or two independent COP1-specific siRNAs (COP1si), 

and then treated with vehicle or PD325901. To quantify a GIST882-specific MAPK-dependent

transcriptome, we calculated a GIST882 MAPK score, which is the normalized median of genes

downregulated by PD325901 treatment in siSCR-transfected GIST882 cells. The GIST882 

MAPK score predictably decreased with PD325901 treatment and was not appreciably changed 

in the vehicle treatment group by COP1 knockdown. However, in PD325901 treated cells, COP1 

knockdown cells exhibited significantly higher GIST882 MAPK score than siSCR control 

(Figure 5A). We performed this analysis using an independent MAPK signature (PRATILAS 

MAPK) (11) and obtained similar results (Supplemental Figure 7A). A heatmap of MAPK-

regulated genes showed that COP1 knockdown in GIST cells treated with PD325901 reversed 

the transcriptome changes in response to PD325901 treatment or ETV1 knockdown alone

(Figure 5B). We performed GSEA for gene sets that are enriched with PD325901 treatment in 

GIST882 cells and found a set of genes upregulated by COP1 knockdown in the presence of 

PD325901 is the most negatively enriched gene set (Figure 5C, Supplemental Table 3).

To extend these observations to melanoma, we calculated the A375 MAPK score, which 

is the normalized median of genes downregulated by vemurafenib treatment in siSCR-

transfected A375 cells. As in GIST882 cells, COP1 loss partially restored MAPK transcriptional 

output after vemurafenib or trametinib treatment in A375 cells (Figure 5D-E, Supplemental 

Figure 7B). GSEA showed that a set of genes upregulated by COP1 knockdown in the presence 

of vemurafenib was the most enriched gene set among genes downregulated by vemurafenib

(Figure 5F, Supplemental Table 5).

These data indicate that the coupling of MAPK signaling and downstream Pea3 ETS-

mediated transcriptional response is mediated by dynamic signaling-dependent regulation of 
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protein stability; perturbation of this pathway by COP1 dysregulation can lead to decoupling of 

MAPK signaling and nuclear transcriptional output.

Decoupling of MAPK signaling and Pea3 ETS transcriptional response leads to resistance 

to MAPK targeted therapeutics

Reactivation of MAPK signaling through both genetic and non-genetic alterations 

represent a common pathway to resistance to MAPK pathway targeted therapies (6, 7, 9, 35). We 

next examined whether the decoupling of MAPK signaling and downstream transcriptional 

responses through COP1 loss can modulate sensitivity to MAPK pathway inhibition in GIST and 

melanoma. 

In GIST-T1 cells, we employed competition proliferation assays between EGFP-positive

CRISPR/Cas9-mediated COP1 knockout (sgCOP1) or EGFP-positive CRISPR/Cas9 empty-

guide control cells (sgCON) with EGFP-negative uninfected cells treated with vehicle, imatinib, 

or trametinib (Figure 6A-B). In A375 cells, we employed competition proliferation assays in a 

mixed population of cells expressing shRNA-mir linked to tGFP (tGFP-positive) and control 

cells (tGFP-negative), and treated them with vehicle, vemurafenib, or trametinib (Figure 6D). 

For both cell types, COP1 loss (GFP-positive) cells enriched over time compared to the GFP-

negative uninfected cells under the pressure of MAPK pathway inhibition, suggesting a growth 

advantage and fitness of the COP1 loss cells compared to COP1 intact controls under these 

conditions (Figure 6B, 6D). Additionally, we performed traditional drug treatment assays to 

determine the IC50 of imatinib and trametinib in GIST-T1 cells and IC50 of vemurafenib and 

trametinib in A375 cells with and without COP1 perturbation. We found a modest but consistent 

increase in IC50 in CRISPR/Cas9-mediated COP1 knockout cells compared to control cells 

(Figure 6C, 6E), indicating relative resistance to MAPK pathway inhibitor treatment. These data 
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indicate that COP1 is critical in modulating the MAPK signaling dependence of cancer cells and 

COP1 loss can lead to decreased sensitivity to therapies targeting the MAPK pathway in 

melanoma and GIST, presumably through protein stabilization of Pea3 ETS factors.

We next evaluated whether other hits in the COP1 degradation pathway from our screen 

(see Table 2) would exhibit similar behavior as COP1 when treated with MAPK pathway 

inhibitors. We performed growth competition assays using two independent shRNA against 

DET1, DDB1, COPS2, and PSMD4 in A375 cells (Supplemental Figure 8A, B). DET1

downregulation exhibited a similar growth advantage to COP1 loss, where the percentage of

tGFP-positive cells remained stable with vehicle treatment, but increased significantly with

vemurafenib or trametinib treatment. This data suggest that DET1 loss can mediate resistance to 

MAPK pathway inhibition. We found depletion of DDB1, COPS2, and PSMD4 to be toxic and 

the percentage of tGFP-positive cells rapidly decreased with vehicle treatment. In the case of 

COPS2 and PSMD4, this growth decrease was partially rescued with MAPK pathway inhibition.

To corroborate that Pea3 ETS stability downstream of COP1 or DET1 loss mediates 

MAPK inhibitor resistance, we generated A375 cells with exogenous expression of wild-type 

(ETV1WT) and a mutant ETV1 (ETV1AAD) that has diminished binding to COP1 (22, 24) and 

therefore was resistant to COP1-mediated protein degradation in response to MAPK pathway 

inhibition by vemurafenib or trametinib (Figure 7A-C, Supplemental Figure 9). ETV1WT

expression in A375 cells resulted in increased residual ETV1 protein after vemurafenib or 

trametinib treatment and caused modest resistance to MAPK pathway inhibition, consistent with 

previous observations (36) (Figure 7C-E). Moreover, the ETV1AAD protein is stable in response 

to vemurafenib and trametinib treatment in A375 cells (Figure 7C). ETV1AAD expression

conferred increased resistance to MAPK pathway inhibition (Figures 7D-E). These data further 
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suggest that Pea3 ETS factor protein stabilization as a result of perturbation of the protein 

degradation pathway may reduce dependence on MAPK signaling and increase oncogenic fitness 

in response to MAPK pathway inhibition.

To determine if COP1 loss modulates sensitivity to MAPK pathway inhibition in GIST 

and melanoma in vivo, we treated GIST and melanoma xenografts with and without 

CRISPR/Cas9-mediated COP1 knockout. Short-term treatment of both GIST-T1 and A375 

tumors recapitulated the in vitro observation and demonstrated that COP1 knockout xenografted 

tumors had increased baseline Pea3 ETS protein levels and diminished protein degradation in

response to MAPK pathway inhibition (Figure 8A-B). In GIST-T1 xenografted tumors, COP1 

knockout did not affect the in vivo growth when treated with vehicle, but exhibited diminished 

response to imatinib with development of early resistance compared to controls (Figure 8C). 

Similarly, COP1 knockout significantly diminished the growth suppressive effects by 

vemurafenib compared to controls in A375 xenografted tumors (Figure 8D). These data indicate 

that perturbation of the MAPK signaling-dependent Pea3 ETS protein stability regulatory axis 

can modulate sensitivity and lead to resistance to MAPK pathway inhibitors in vivo.

Characterization of COP1 and DET1 mutations in patient tumor samples

To study the clinical relevance of Pea3 ETS protein stability regulatory axis in MAPK-

driven tumors, we examined the publically available oncogenomics data from a variety of patient 

cancer types via the MSK-cBioPortal (37). Since COP1 and DET1 loss were well tolerated at 

baseline and mediated MAPK-therapeutic resistance in preclinical models, we focused on 

identifying and characterizing the mutations of COP1 and DET1 in human cancers. In 23,083 

tumors, COP1 (RFWD2) is homozygously deleted in 20 tumors (0.1%) and mutated in 191 

(0.8%) including 37 truncating mutations. DET1 is homozygously deleted in 5 tumors (0.02%) 
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and mutated in 117 (0.5%) including 16 truncating mutations. We next evaluated the functional 

consequences of the missense mutations in the functional domains of COP1 and DET1.

For COP1, there were two truncation mutations, E316* and E464*, both losing the 

substrate binding WD40 domain, and a number of missense mutations in melanoma. We 

engineered these missense mutations as well as several missense mutations in other cancer types 

that face the ligand binding pocket (Table 3) (38). To evaluate whether the point mutations affect 

the function of COP1, we generated CRISPR/Cas9-mediated COP1 knockout in A375 cells 

stably expressing mCherry-nETV1 protein stability sensor (see Supplemental Figure 5D). These 

sgCOP1 cells exhibited higher mCherry fluorescence at baseline which did not decrease upon 

vemurafenib treatment (Figure 9A-B). We next engineered COP1-IRES-EGFP with silent 

mutations at the sgCOP1 guide to resist editing and 14 missense mutations from melanoma and 

other cancers. We introduced these mutant COP1 proteins and used mCherry fluorescence to 

track ETV1 protein level and EGFP fluorescence to track COP1 mutant expression. We 

transduced cells at MOI ~50-60%, to express the COP1 mutants only in a fraction of cells, and

the non-transduced cells served as internal controls for FACS analysis (Figure 9C-D). For EGFP-

only control, EGFP positive cells exhibited similar mCherry fluorescence at baseline and after 

vemurafenib treatment. In contrast, for wild-type COP1, EGFP-positive cells exhibited decreased 

mCherry fluorescence that further decreased upon vemurafenib treatment. Cells expressing 

C159Y, W517C, C560R, W625S and G658E mutations had same levels of baseline mCherry

fluorescence as EGFP-negative cells with or without MAPK inhibition, indicating they are non-

functional. In addition, cells expressing R586C and N557S exhibited higher baseline mCherry 

fluorescence and attentuated fluorescence decrease with vemurafenib treatment, suggesting they 

are hypomorphic. The other mutations appear to be fully functional. Reference to the COP1 3D 
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crystal structure showed that most deleterious missense mutations localized near the binding 

surface on COP1 to ETV1 (Figure 9E). These data indicate that there are loss of function COP1 

mutations in melanoma.

We next utilized a similar strategy to study DET1 mutations. Analysis of public datasets 

in cBioportal notably revealed that in a study of 32 paired pre-treatment and post-treatment of 

vemurafenib resistant samples, two samples showed de novo DET1 mutations after treatment

(Table 4) (6). One of the two mutations, P535F, was also seen in a TCGA cutaneous melanoma 

sample (TCGA-FS-A4FB-06). We thus focused on these two missense mutations. We generated 

DET1 knockout A375 cells expressing mCherry-nETV1 protein stability sensor. Similar to 

COP1 knockout cells, DET1 knockout cells had higher levels of Pea3 factors at baseline that did 

not decrease after MAPK inhibition (Figure 10A). They also exhibited higher mCherry-nETV1 

fluorescence at baseline that did not decrease upon vemurafenib treatment (Figure 10B-C). We 

expressed DET1-IRES-EGFP with silent mutations to escape sgDET1 CRISPR editing. 

Compared to wild-type DET1, DET1-P535F was completely defective in mCherry-nETV1 

degradation and DET1-A429G exhibited attenuated activity (Figure 10D-E). These data suggests 

that mutations in COP1/DET1 may mediate MAPK inhibitor resistance in the clinic.
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Discussion

The MAPK/ERK pathway is a central signaling pathway for many cellular processes, 

including proliferation, differentiation, and survival. With physiologic signaling, the 

transcriptional response is coupled to MAPK pathway activation, which is intricately regulated

and depends on both the type and duration of upstream stimulus. Negative-feedback regulators of 

the MAPK pathway, such as the ERK phosphatase DUSP6, are strongly induced to limit the 

intensity and duration of ERK pathway activation, and maintain homeostasis of MAPK signaling

(11). In cancer, tumors harboring constitutive MAPK/ERK activation express high levels of 

negative-feedback regulators that are often used as a surrogate biomarker for MAPK/ERK 

pathway signaling strength, and their rapid decline upon MAPK pathway inhibition indicates 

therapeutic efficacy, but is also exploited by cancer cells for early adaptation, development of 

persistent disease and eventual emergence of resistant disease (11, 39).

The development of potent inhibitors of the MAPK/ERK pathway has revolutionized 

cancer treatment. Yet, treatment response is rarely complete or durable and resistance invariably 

emerges. The mechanisms of secondary resistance have been extensively studied. Exome 

sequencing studies have shown that ~50% of resistant tumors harbor secondary mutations that 

reactivate the MAPK/ERK pathway (5, 40). Non-mutational mechanisms that govern drug 

sensitivity are not fully understood and can involve reversible cell autonomous or micro-

environment mediated tuning of the MAPK/ERK pathway activity (8, 9, 41-43). The strength of 

coupling between upstream MAPK/ERK signaling with downstream transcriptional response can 

modulate MAPK inhibitor response as failure to turn off transcription in response to MAPK

inhibition may increase drug tolerance. 
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Here, we have uncovered a novel mechanism that couples the upstream MAPK-signaling 

and downstream transcriptional output via COP1/DET1/CSN mediated signaling-dependent 

regulation of Pea3 ETS protein stability. Disruption of Pea3 ETS degradation through COP1 or 

DET1 loss results in decoupling of MAPK/ERK signaling and MAPK/ERK transcriptional 

output, where increased protein levels of Pea3 ETS factors results in increased levels of ERK 

feedback regulators regardless of ERK phosphorylation levels. In response to MAPK inhibition, 

COP1 loss cells can sustain MAPK dependent transcriptional output, resulting in increased cell 

viability and oncogenic fitness. Thus, MAPK/ERK-dependent transcriptional output and intact 

coupling is critical to MAPK inhibitor response, and the ERK phosphorylation level is only 

reliable when the coupling of the MAPK signaling-transcriptional response is intact. Moreover, 

perturbation of the axis of MAPK signaling-Pea3 ETS stability-transcriptional output can alter 

the sensitivity and potentially led to therapeutic resistance to MAPK pathway inhibitors in vitro 

and in vivo.

We have analyzed a study of 32-paired samples of pretreatment and post-resistance 

melanoma samples and identified two patients with de novo deleterious DET1 mutations in the 

post treatment sample, suggesting that mutations in DET1 are clinically relevant. The prevalence 

of alterations in the COP1/DET1/CSN pathway in mediating clinical resistance is not known due 

to the limited number of samples at this time and the large number of players in this pathway. In 

addition, two recent publications showed that loss of the tumors suppressor CIC, a well-known

transcriptional suppressor of Pea3 ETS factors, conveyed resistance to MEK inhibition in 

pancreatic cancer (44) and EGFR inhibition in NSCLC (45). These studies highlight the multiple 

mechanisms to modulate Pea3 ETS factor levels in shaping response to MAPK inhibition. 
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Signal mediated regulation of transcription (co-)factor protein degradation is a 

mechanism in several crucial signaling pathways, including WNT signaling to -catenin/TCF, 

DNA damage signaling to P53, and hypoxia signaling to HIF. Our work highlights the 

importance of dynamically regulated Pea3 factor protein stability in signaling-dependent 

transcription output of the MAPK pathway in oncogenic transformation and underline a novel 

mechanism of MAPK targeted therapeutic resistance.
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Methods

Detailed methods are described in the Supplemental Methods.

In vivo tumorigenicity and drug treatment assays 

For xenograft studies, 5 × 106 GIST-T1 cells and 1 × 106 A375 cells resuspended in 100 

#356237, BD Biosciences) were subcutaneously 

injected into CB17-SCID mice (#CB17SC-F, Taconic). Tumors were allowed to establish 

growth (6 weeks for GIST-T1 and 12 days for A375) after implantation before initiation of 

treatment. Mice were treated twice daily with MAPK pathway inhibitors or vehicle via orally 

gavage. Tumor sizes were measured twice a week with callipers, and were calculated using the 

following formula: tumor volume = (D × d2)/2, whereby D and d refer to the long and short 

tumor diameter, respectively. For short-term treatment, xenografts were explanted after 2 days of 

drug treatment. To generate lysates for Western blotting, tissue was homologized in SDS lysis 

buffer 1%SDS, 20mM NaF, 5mM EDTA and proteinase/phosphatase inhibitors using the 

FastPrep-24 system with Lysing Matrix A (MP Biomedicals). For long-term treatment, 

xenografts were treated twice daily until the end of the experiments. 

Statistics

All statistical comparisons between two groups were performed by GraphPad Prism

software 6.0 using a two-tailed unpaired t-test. The variance between the statistically compared 

groups was similar. A P value less than 0.005 was considered significant.

Study approval

All animal experiments were performed in accordance with a protocol reviewed and
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approved by Memorial Sloan-Kettering Cancer Center Institutional Animal Care and Use 

Committee (#11-12-029) (New York, New York, USA).
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Figure Legends

Figure 1. ETV1 is a downstream transcriptional effector of MAPK signaling. GSEA 

enrichment plots of ETV1sh2-downregulated gene set on gene expression profiles of MAPK 

pathway inhibition by PD325901 (PD901) in GIST48 and GIST882 cells, imatinib (Imat) in 

GIST-T1 cells and vemurafenib (Vemu) in A375 and Colo800 cells.

Figure 2. ETV1 modulates MAPK homeostasis through regulation of MAPK 

negative-feedback regulators. (A) Heatmap of genome-wide ETV1 ChIP-seq signals from -1kb

to +1kb around ETV1 binding sites in GIST and melanoma cells of promoters and enhancers. 

Unsupervised k-means clustering of enhancer peaks cluster peaks into shared, melanoma-

specific and GIST-specific ETV1 binding sites. (B) Venn diagrams showing common genes 

bound by ETV1 and downregulated by MAPK pathway inhibition in all GIST (top) and 

melanoma (bottom) cell lines. The shared ETV1-bound and MAPK-regulated genes by both 

GIST and melanoma lineages are listed. (C) ETV1 ChIP-seq signals at the DUSP6, SPRY4, 

SPRED1 and SPRED2 genomic loci in GIST and melanoma cells. (D) Immunoblots of the 

indicated proteins in GIST882 and A375 cells transfected with scrambled control siRNA 

(siSCR), siRNAs against ETV1 (siETV1), ETV4 (siETV4) and ETV5 (siETV5).

Figure 3. Genome-wide RNAi screen identifies key regulators of MAPK signaling-

dependent ETV1 protein stability. (A) A schematic of the MAPK-ETV1 protein stability 

sensor construct with EGFP-ETV1 fusion protein and tdTomato expressed under the same 

promoter. (B) Immunoblots of EGFP and GAPDH in A2058 melanoma cells expressing EGFP 

or EGFP fused to full-length ETV1 (EGFP-flETV1), or the amino terminal 174 amino-acids of 
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ETV1 (EGFP-

8 hours. (C) FACS plot of tdTomato and EGFP fluorescence in A2058 cells expressing EGFP-

nETV1-IRES-

(D) Histogram of EGFP/tdTomato fluorescence ratio in EGFP-nETV1-IRES-tdTomato

expressing A2058 cells transduced with shRNA-mir against scrambled (shScr) or BRAF 

E) Schematic flow of 

screen. EGFP-nETV1-IRES-tdTomato-expressing A2058 cells were transduced with a genome-

wide shRNA library. Cells were treated with vemurafenib for 24 hours prior to each sort. (F) A 

schematic of the role of selected hits in MAPK signaling-dependent regulation of ETV1 protein 

degradation. (G) Histogram of mCherry fluorescence of A375 cells expressing mCherry-nETV1 

sensor treated with DMSO (Veh) o H) FACS plots of 

turboGFP (tGFP) fluorescence linked to shRNA expression and mCherry-nETV1 fluorescence. 

A375 cells expressing mCherry-nETV1 and indicated shRNA transduced at ~MOI=0.5 and 

treated with (Vemu) or DMSO (Veh) for additional 24 hours.

Figure 4. COP1 couples MAPK signaling through MAPK-dependent regulation of 

ETV1 protein stability. (A) Immunoblots of the indicated proteins in GIST882 cells transfected 

with control (siSCR) or COP1-specific (siCOP1) siRNAs for 48 hours, followed by treatment 

B)

Immunoblot of indicated proteins in A375 cells transfected with control (siSCR) or COP1-

specific siRNA (siCOP1) for 48 hrs, followed by treatment with vehicle (Veh), or vemurafenib 
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Figure 5. COP1 couples MAPK downstream transcriptional output through MAPK-

dependent regulation of ETV1 protein stability. (A) GIST882 MAPK median Z-score 

(defined as the normalized median of genes downregulated by >2-fold, 8 hrs after PD325901

(PD901) treatment in GIST882 cells) in GIST882 cells transfected with scrambled siRNA 

(siSCR) or two siRNAs against COP1, and treated with vehicle (Veh) or PD901 (100 nM) for 8 

hrs. n=2, Error bars: mean ± SD. (B) Heatmap of GIST882 MAPK genes (change >2-fold, 

P<0.05 by PD901) gene expression changes in GIST882 cells under the indicated conditions, 

from left to right: PD325901 vs. vehicle tre sh2

of a

gene set defined by genes upregulated by COP1 knockdown in PD325901 treated GIST882 cells 

(G882_siCOP1_UP_in_PD901), demonstrating that this gene set is highly negatively enriched 

among genes downregulated by PD901 compared to vehicle (Veh). (D) A375 MAPK median Z-

score in siSCR and siCOP1 transfected A375 cells after treatment with vehicle (Veh), 

expression changes in A375 cells, from left to right: vemurafenib vs. vehicle treatment in siSCR 

transfected cells (Vem

siCOP1 in vemurafenib treated A375 cells is highly negatively enriched among genes 

downregulated by vemurafenib in A375 cells.
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Figure 6. COP1 loss mediates resistance to MAPK pathway inhibition in GIST and 

melanoma in vitro. (A) Schematics of CRISPR/Cas9 constructs used in the competition growth 

assay in GIST-T1. (B) Competition growth assays of mixed population of parental GIST-T1 and 

GIST-T1 cells expressing both a CRISPR/Cas9 vector with either empty (sgCON) or COP1-

specific (sgCOP1) sgRNA guide in an EGFP containing vector, under the treatment conditions as 

indicated, vehicle (Veh), imatinib (IM, 100 nM), or trametinib (Tram, 100 nM). n=3, Error bars: 

mean ± SD. (C) Dose response curves of GIST-T1 cells transduced with CRISPR/Cas9-mediated 

COP1 knockout (sgCOP1) or a control (sgGFP) and treated with imatinib or trametinib as 

indicated for 5 days. Cell viability was determined by CellTiter-Glo. n=3, Error bars: mean ± 

SD. (D) Competition growth assay between infected (tGFP-positive) and uninfected (tGFP-

negative) A375 cells transduced with shRNA-mir vector targeting scrambled (shSCR) or two 

COP1 sequences (shCOP1-1, shCOP1-2). The cells were transduced with MOI ~10-30% and 

were treated 3 days after transduction with vehicle (Veh), vemurafenib (Vemu 100 nM), or 

trametinib (Tram 5 nM). TurboGFP (tGFP) fluorescence was quantified over time. n=3, Error 

bars: mean ± SD. (E) Dose response curves of A375 cells transduced with CRISPR/Cas9-

mediated COP1 knockout (sgCOP1) or a control (sgGFP) and treated with vemurafenib or 

trematinib as indicated for 5 days. Cell viability was determined by CellTiter-Glo. n=3, Error 

bars: mean ± SD.

Figure 7. Stabilized ETV1 protein mediates resistance to MAPK pathway inhibition

in melanoma cells. (A) Amino acid (aa) sequence of ETV1 (aa59-aa74) containing two adjacent 

COP1 binding motifs (ExxVPD) and of mutation of both VPD motifs to AAD. (B) Immunoblot 

of indicated proteins from ETV1-immunoprecipitants (IP) from 293T cells expressing vector 
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control containing EGFP (vector), ETV1WT or ETV1AAD mutant proteins. (C) Immunoblot of 

ETV1 and GAPDH in A375 cells expressing vector control (EGFP), ETV1WT or ETV1AAD

trametinib (Tram, 

100nM) for 8 hours. (D) Dose response curves of A375 cells expressing control (EGFP), 

ETV1WT or ETV1AAD proteins, and treated with vemurafenib or trametinib for 5 days. n=3, Error 

bars: mean ± SD. (E) Growth competition assay between parental and A375 cells transduced 

with an IRES-EGFP vector expressing control EGFP, ETV1WT or ETV1AAD proteins and treated 

with vehicle (Veh), vemurafenib (Vemu, 100 nM) or trametinib (Tram, 5 nM) over time as 

indicated. n=3, Error bars: mean ± SD.

Figure 8. COP1 loss mediates resistance to MAPK pathway inhibitors in vivo. (A-B)

Immunoblots of two representative GIST-T1 (A) or A375 (B) xenografted tumors with 

(sgCOP1) or without COP1 knockout (sgGFP) explanted 2 days after drug treatment by oral 

gavage of agents as indicated. Vehicle (Veh): water; imatinib (IM): 80 mg/kg twice daily; 

vemurafenib (Vemu): 100 mg/kg twice daily. sgGFP: control guide; sgCOP1: single guide 

targeting COP1. (C-D) Growth curves of GIST-T1 (C) or A375 (D) xenografts in SCID mice 

over time with treatment as indicated by oral gavage. Vehicle: water; imatinib: 80 mg/kg twice 

daily; vemurafenib: 75 mg/kg for day 1-day 7, and increased to 100 mg/kg for day 8-day14, 

twice daily. GIST-T1 xenografts: sgGFP vehicle (n=8), sgGFP imatinib (n=18), sgCOP1 vehicle 

(n=8), sgCOP1 imatinib (n=18); A375 xenografts: sgGFP vehicle (n=10), sgGFP vemurafenib 

(n=12), sgCOP1 vehicle (n=8), sgCOP1 vemurafenib (n=12). Error bars: mean ± SEM. Two-

tailed unpaired t test: **, P=0.0043; ***, P =0.0002; ****, P < 0.0001.
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Figure 9. Functional characterization of cancer derived COP1 mutations. (A) FACS 

plot of mCherry fluorescence in A375 cells expressing mCherry-nETV1 and indicated sgCOP1 

guide RNA or sgCON control (lentiCRISPRv2 vector with no guide RNA). (B) FACS plot of

mCherry fluorescence in A375 cells expressing mCherry-nETV1 and indicated sgCOP1 guide 

(C) Immunoblot of HA in A375 melanoma cells expressing wild-type and mutant HA-COP1. 

Mutations that showed decreased function are in red. (D) FACS plots of EGFP and mCherry 

fluorescence in A375 cells expressing mCherry-nETV1 and either EGFP only or with the 

(E) Model of structure of COP1 WD40 Domain together with peptide ((DEQFVPDY). The 

protein backbone is shown as cartoons and the surface is in white, with key interface side chains 

labeled and rendered as sticks. The ETV1 peptide backbone is shown in green with nitrogen 

atom in blue and oxygen atom in red. Functional COP mutant amino acids are labeled in black 

and loss of function mutant amino acids are in red. 

Figure10. Functional characterization of de novo DET1 mutations in vemurafenib 

treated melanoma patients. (A) Immunoblot of indicated proteins in A375 cells expressing 

CRISPR/Cas9 with guide against DET1 (sgDET1) or vector control with no guide (sgCON), and 

hours. (B) FACS plot of mCherry fluorescence in A375 cells expressing mCherry-nETV1 and 

indicated sgCON or sgDET1 guide RNAs. (C) FACS plot of mCherry fluorescence in A375 

cells expressing mCherry-nETV1 and indicated sgCON or sgDET1 guide RNAs treated with 

24 hours. (D) FACS plots of EGFP and mCherry 
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fluorescence in A375 cells expressing mCherry-nETV1 and either EGFP only or with the 

(E) HA immunoblots of HA-tagged DET1 in A375 melanoma cells expressing EGFP alone or 

with DET1 mutations.
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Tables

Table 1. The normalized enrichment score (NES) and false discovery rate (FDR) q-value 

of hETV1-downregulated gene set in each cell line are shown in tables. 

GIST48

Gene Set NES FDR q
GIST48_ETV1sh1_DN -2.38 0.000
GIST48_ETV1sh2_DN -2.29 0.000
GIST-T1_ETV1sh1_DN -2.15 0.002
GIST882_ETV1sh2_DN -2.07 0.004
GIST882_ETV1sh1_DN -1.90 0.030
GIST-T1_ETV1sh2_DN -1.89 0.032
COLO800_ETV1sh1_DN -1.44 0.059
A375_ETV1sh2_DN -1.41 0.066
COLO800_ETV1sh2_DN -1.40 0.067
A375_ETV1sh1_DN NA NA

GIST882

GIST882_ETV1sh2_DN -2.37 0.000
GIST882_ETV1sh1_DN -2.30 0.000
GIST48_ETV1sh1_DN -2.16 0.003
GIST48_ETV1sh2_DN -2.12 0.004
GIST-T1_ETV1sh2_DN -1.58 0.035
COLO800_ETV1sh1_DN -1.43 0.068
COLO800_ETV1sh2_DN -1.34 0.111
GIST-T1_ETV1sh1_DN -1.28 0.134
A375_ETV1sh2_DN NA NA
A375_ETV1sh1_DN NA NA

GIST-T1

GIST-T1_ETV1sh2_DN -2.97 0.000
GIST-T1_ETV1sh1_DN -2.78 0.000
GIST882_ETV1sh2_DN -2.41 0.000
GIST48_ETV1sh2_DN -2.39 0.000
GIST48_ETV1sh1_DN -2.15 0.001
Colo800_ETV1sh2_DN -1.66 0.054
COLO800_ETV1sh1_DN -1.46 0.035
A375_ETV1sh1_DN -1.38 0.062
GIST882_ETV1sh1_DN -1.29 0.103
A375_ETV1sh2_DN NA NA

A375
A375_ETV1sh2_DN -2.19 0.000
GIST48_ETV1sh1_DN -2.04 0.002
Colo800_ETV1sh2_DN -1.88 0.010
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GIST882_ETV1sh2_DN -1.79 0.021
Colo800_ETV1sh1_DN -1.75 0.027
A375_ETV1sh1_DN -1.74 0.028
GIST48_ETV1sh2_DN -1.67 0.044
GIST882_ETV1sh1_DN -1.56 0.028
GIST-T1_ETV1sh1_DN -1.42 0.064
GIST-T1_ETV1sh2_DN -2.97 0.000

Colo800

A375_ETV1sh2_DN -2.80 0.000
Colo800_ETV1sh2_DN -2.43 0.000
GIST48_ETV1sh1_DN -2.26 0.000
GIST882_ETV1sh2_DN -2.16 0.000
GIST-T1_ETV1sh2_DN -2.03 0.000
Colo800_ETV1sh1_DN -1.99 0.000
GIST48_ETV1sh2_DN -1.98 0.000
A375_ETV1sh1_DN -1.88 0.001
GIST-T1_ETV1sh1_DN -1.82 0.002
GIST882_ETV1sh1_DN -1.67 0.012

Table 2. Top hits identified by HiTSelect (genes that were ranked in the top 15 in either 

Sort 2 or Sort 3 AND within the top 1,000 in the other Sort).

Gene
Sort 2
Rank

Sort 3
Rank

COP1 (RFWD2) 4 1
DDB1 1 5
PSMD4 2 7
SR140 (U2SURP) 42 2
UBE3C 3 6
COPS2 8 3
COPS1 (GPS1) 6 4
COPS8 5 223
SFRS11 (SRSF11) 12 8
COPS6 10 160
CCDC55 (NSRP1) 14 310
DET1 819 15
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Table 3. Tested COP1 mutations from CBioportol.

Sample name                       Cancer Study                      AA change         Type            
MEL-JWCI-WGS-35 Melanoma (Broad) N168I Missense
TCGA-EE-A2GR-06 Melanoma (TCGA) F205L Missense
ME048 Melanoma (Broad/DFCI) E316* Nonsense
MEL-JWCI-WGS-11 Melanoma (Broad) R356K Missense
TCGA-EB-A41B-01 Melanoma (TCGA) R375S Missense
TCGA-ER-A19P-06 Melanoma (TCGA) E464* Nonsense
YUWAND Melanoma (Yale) P526S Missense
TCGA-EE-A2MS-06 Melanoma (TCGA) R586C Missense
TCGA-EE-A185-06 Melanoma (TCGA) W625S Missense
TCGA-ER-A42L-06 Melanoma (TCGA) P630L Missense
TCGA-GN-A263-01 Melanoma (TCGA) G658E Missense
MEL-Ma-Mel-67 Melanoma (Broad) D690N Missense

05-123E2_LN Prostate (FHCRC, 2016) C159Y Missense 
TCGA-55-8506-01 NSCLC (TCGA 2016) W517C Missense 
TCGA-55-8506-01 NSCLC (TCGA 2016) C560R Missense
TCGA-CG-4442-01 Stomach (TCGA)  N557S Missense    

Table 4. Table of two de novo patient derived DET1 mutations arising after vemurafenib 

treatment.

Sample Name        Cancer Study                  AA change    Type        
Pat_44_Post SKCM (BROAD 2014) A429G Missense
Pat_41_Post SKCM (BROAD 2014) P535F Missense

Vemurafenib resistant Skin Cutaneous Melanoma (Van Allen et al., 2014)
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Figure 1. ETV1 is a downstream transcriptional effector of MAPK signaling. GSEA enrichment plots 
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Figure 2. ETV1 modulates MAPK homeostasis through regulation of MAPK negative-feedback regulators. (A) 
Heatmap of genome-wide ETV1 ChIP-seq signals from -1kb to +1kb around ETV1 binding sites in GIST and melano-
ma cells of promoters and enhancers. Unsupervised k-means clustering of enhancer peaks cluster peaks into shared, 
melanoma-specific and GIST-specific ETV1 binding sites. (B) Venn diagrams showing common genes bound by ETV1 
and downregulated by MAPK pathway inhibition in all GIST (top) and melanoma (bottom) cell lines. The shared 
ETV1-bound and MAPK-regulated genes by both GIST and melanoma lineages are listed. (C) ETV1 ChIP-seq signals 
at the DUSP6, SPRY4, SPRED1 and SPRED2 genomic loci in GIST and melanoma cells. (D) Immunoblots of the 
indicated proteins in GIST882 and A375 cells transfected with scrambled control siRNA (siSCR), siRNAs against ETV1 
(siETV1), ETV4 (siETV4), ETV5 (siETV5), or the combination (siETV145) for 48 hours. 
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Figure 3. Genome-wide RNAi screen identifies key regulators of MAPK signaling-dependent ETV1 protein 
stability. (A) A schematic of the MAPK-ETV1 protein stability sensor construct with EGFP-ETV1 fusion protein and 
tdTomato expressed under the same promoter. (B) Immunoblots of EGFP and GAPDH in A2058 melanoma cells 
expressing EGFP or EGFP fused to full-length ETV1 (EGFP-flETV1), or the amino terminal 174 amino-acids of ETV1 

C) FACS plot of 
tdTomato and EGFP fluorescence in A2058 cells expressing EGFP-nETV1-IRES-tdTomato treated with DMSO (Veh) or 

D) Histogram of EGFP/tdTomato fluorescence ratio in EGFP-nETV1-IRES-td-
Tomato expressing A2058 cells transduced with shRNA-mir against scrambled (shSCR) or BRAF (shBRAF) and 

E) Schematic flow of screen. EGFP-nETV1-IRES-tdTomato-ex-
pressing A2058 cells were transduced with a genome-wide shRNA library. Cells were treated with vemurafenib for 24 
hours prior to each sort. (F) A schematic of the role of selected hits in MAPK signaling-dependent regulation of ETV1 
protein degradation. (G) Histogram of mCherry fluorescence of A375 cells expressing mCherry-nETV1 sensor treated 

H) FACS plots of turboGFP (tGFP) fluorescence linked to 
shRNA expression and mCherry-nETV1 fluorescence. A375 cells expressing mCherry-nETV1 and indicated shRNA 
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Figure 7. Stabilized ETV1 protein mediates resistance to MAPK pathway inhibition in melanoma cells. 
(A) Amino acid (aa) sequence of ETV1 (aa59-aa74) containing two adjacent COP1 binding motifs (ExxVPD) 
and of mutation of both VPD motifs to AAD. (B) Immunoblot of indicated proteins from ETV1-immunoprecipi-
tants (IP) from 293T cells expressing vector control containing EGFP (vector), ETV1WT or ETV1AAD mutant 
proteins. (C) Immunoblot of ETV1 and GAPDH in A375 cells expressing vector control (EGFP), ETV1WT or 

for 8 hours. (D) Dose response curves of A375 cells expressing control (EGFP), ETV1WT or ETV1AAD 
proteins, and treated with vemurafenib or trametinib for 5 days. n=3, Error bars: mean ± SD. (E) Growth 
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Figure 8. COP1 loss mediates resistance to MAPK pathway inhibitors in vivo. (A-B) Immunoblots of 
two representative GIST-T1 (A) or A375 (B) xenografted tumors with (sgCOP1) or without COP1 knockout 
(sgGFP) explanted 2 days after drug treatment by oral gavage of agents as indicated. Vehicle (Veh): water; 
imatinib (IM): 80 mg/kg twice daily; vemurafenib (Vemu): 100 mg/kg twice daily. sgGFP: control guide; 
sgCOP1: single guide targeting COP1. (C-D) Growth curves of GIST-T1 (C) or A375 (D) xenografts in 
SCID mice over time with treatment as indicated by oral gavage. Vehicle: water; imatinib: 80 mg/kg twice 
daily; vemurafenib: 75 mg/kg for day 1-day 7, and increased to 100 mg/kg for day 8-day14, twice daily. 
GIST-T1 xenografts: sgGFP vehicle (n=8), sgGFP imatinib (n=18), sgCOP1 vehicle (n=8), sgCOP1 imatinib 
(n=18); A375 xenografts: sgGFP vehicle (n=10), sgGFP vemurafenib (n=12), sgCOP1 vehicle (n=8), 
sgCOP1 vemurafenib (n=12). Error bars: mean ± SEM. Two-tailed unpaired t test: **, P=0.0043; ***, P 
=0.0002; ****, P < 0.0001. 
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Figure 9. Functional characterization of cancer derived COP1 mutations. (A) FACS plot of mCherry 
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vemurafenib (Vemu) for 24 hours. (C) Immunoblot of  HA in A375 melanoma cells expressing wild-type and 
mutant HA-COP1. Mutations that showed decreased function are in red. (D) FACS plots of EGFP and 
mCherry fluorescence in A375 cells expressing mCherry-nETV1 and either EGFP only or with the indicated 

E) Model of structure 
of COP1 WD40 Domain together with peptide (DEQFVPDY). The protein backbone is shown as cartoons 
and the surface is in white, with key interface side chains labeled and rendered as sticks. The ETV1 peptide 
backbone is shown in green with nitrogen atom in blue and oxygen atom in red. Functional COP mutant 
amino acids are labeled in black and loss of function mutant amino acids are in red. 
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Supplemental Figure 1. Correlation between gene expression changes induced by imatinib and PD325901 
in GIST cell lines. (A-C) Immunoblots of GIST48 (A), GIST882 (B), and GIST-T1 (C) cells treated with vehicle, 

D-F) Scatter 
D), 

GIST882 (E) and GIST-T1 (F -
cance of correlation. 
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Supplemental Figure 2. Venn diagram of paired comparison of ETV1 enhancer binding sites in GIST and 
melanoma cell lines. P: Hypergeometric test of overlap assuming the total number of DNA accessible sites is 
100,000.



Supplemental Figure 3. Representative qRT-PCR of ETV1, ETV4 and ETV5 after siRNA-mediated 
knockdown in GIST882 cells. qRT-PCR quantification of ETV1, ETV4, and ETV5 transcripts normalized to 
the HSPCB housekeeping gene at the indicated knockdown conditions in GIST882 cells 48 hours after 
transfection. 
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Supplemental Figure 4. Pooled shRNA screen for MAPK signaling-dependent regulators of ETV1 protein stability. 
(A) shRNA hairpin representation of cells FACS sorted for Low, Medium, and High EGFP/tdTomato (E/T) ratio after Sort 1 
(FACS 1), Sort 2 (FACS2), and Sort 3 (FACS3). Hairpins are ordered from most to the least number of reads. Y-axis is Log
scale of read number. This shows that the hairpin representation shifts over successive sorts for High and Low sorted cells 
but not for Middle sorted cells, indicating selection of specific hairpins that alter EGFP/tdTomato ratio. (B) Hairpins were 
ranked by ratio of reads between E/T-high to E/T-low population after Sort 3. For specific genes that were highly ranked by
HiTSelect (COP1, DET1, DDB1, PSMD4, COPS2, UBE3C), the position of each individual hairpin targeting the gene is 
shown by red dot.
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Supplemental Figure 6. Representative qRT-PCR of ETV1, ETV4 and ETV5 after COP1 knockdown and MAPK 
inhibition. (A-D) qRT-PCR quantification of ETV1 (A-B), ETV4 (C), and ETV5 (D) transcripts at the indicated conditions 
in GIST882 (A) and A375 cells (B-D). Cells were transfected by siRNA for 48 hours and then treated with drug of 0.5 or 2 

Error bars: mean ± SD.
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Supplemental Figure 7. Effect of COP1 depletion on consensus MAPK dependent genes.  (A) Pratilas 
MAPK median Z-score (15) in GIST882 cells transfected with scrambled siRNA (siSCR) or two siRNAs 
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Supplemental Figure 8. Evaluation of other COP1 degradation pathway genes in the regulation of cell 
growth in response to MAPK pathway inhibition in A375 cells. (A) Competition growth assay between 
infected (tGFP positive) and uninfected (tGFP negative) A375 cells transduced with shRNA-mir vector with 
scrambled (shSCR) or two independent shRNA specific for DET1, DDB1, PSMD4 or COPS2. The cells were 
transduced with MOI ~10-30% and were treated 3 days after transduction with vehicle (Veh), vemurafenib 
(Vemu 100 nM), or trametinib (Tram 5 nM). TurboGFP (tGFP) fluorescence was quantified over time. n=3, Error 
bars: mean ± SD. (B) qRT-PCR quantification of DET1, DDB1, PSMD4 and COPS2 transcripts in A375 cells 
transduced with shRNA-mir vector with scrambled (shSCR) or two independent shRNA specific for DET1, 
DDB1, PSMD4 or COPS2. Error bars: mean ± SD.
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Supplemental Figure 9. Total ETV1 RNA transcript levels of A375 cells expressing exogenous ETV1 
under various treatment conditions. qRT-PCR quantification of ETV1 transcripts at the indicated conditions in 
A375 cells expressing exogenous ETV1WT, ETV1AAD or EGFP control proteins, and treated with vehicle (Veh), 
vemurafenib (Vemu, 1μM) or trametinib (Tram, 100nM) for 2 hrs. Error bars: mean ± SD.
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