
MUC1-C IS NECESSARY FOR SHP2 ACTIVATION AND 
BRAF INHIBITOR RESISTANCE IN BRAF(V600E) MUTANT 
COLORECTAL CANCER

Yoshihiro Morimoto1, Nami Yamashita1, Haruka Hirose2, Atsushi Fushimi1, Naoki 
Haratake1, Tatsuaki Daimon1, Atrayee Bhattacharya1, Rehan Ahmad1, Yozo Suzuki3, 
Hidekazu Takahashi3, Donald W. Kufe1,*

1Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA

2Division of Systems Biology, Nagoya University Graduate School of Medicine, Nagoya 466-8550, 
Japan

3Department of Gastroenterological Surgery, Graduate School of Medicine, Osaka University, 
Suita, Osaka 565-0871, Japan

Abstract

Colorectal cancers (CRCs) harboring the BRAF(V600E) mutation are associated with aggressive 

disease and resistance to BRAF inhibitors by feedback activation of the receptor tyrosine 

kinase (RTK)→RAS→MAPK pathway. The oncogenic MUC1-C protein promotes progression 

of colitis to CRC; whereas there is no known involvement of MUC1-C in BRAF(V600E) 

CRCs. The present work demonstrates that MUC1 expression is significantly upregulated in 

BRAF(V600E) vs wild-type CRCs. We show that BRAF(V600E) CRC cells are dependent 

on MUC1-C for proliferation and BRAF inhibitor (BRAFi) resistance. Mechanistically, MUC1-

C integrates induction of MYC in driving cell cycle progression with activation of the 

SHP2 phosphotyrosine phosphatase, which enhances RTK-mediated RAS→ERK signaling. We 

demonstrate that targeting MUC1-C genetically and pharmacologically suppresses (i) activation 

of MYC, (ii) induction of the NOTCH1 stemness factor, and (iii) the capacity for self-renewal. 

We also show that MUC1-C associates with SHP2 and is required for SHP2 activation in driving 

BRAFi-induced feedback of ERK signaling. In this way, targeting MUC1-C in BRAFi-resistant 

BRAF(V600E) CRC tumors inhibits growth and sensitizes to BRAF inhibition. These findings 

demonstrate that MUC1-C is a target for the treatment of BRAF(V600E) CRCs and for reversing 

their resistance to BRAF inhibitors by suppressing the feedback MAPK pathway.
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1. Introduction

BRAF mutations occur in 8–12% of CRCs and are mutually exclusive with alterations in 

the KRAS gene (1, 2). Approximately 90% of BRAF mutations involve substitution of 

valine by glutamine in codon 600 (V600E)(1). Patients with CRCs that are BRAF mutant 

have a median overall survival (OS) of 10.4 months as compared to 34.7 months for those 

with BRAF wild-type (WT) tumors (1–3). BRAF mutant CRCs are often associated with 

a CpG island methylator phenotype (CIMP) and high microsatellite instability (MSI-H)(1–

3). As compared to BRAF WT CRCs, BRAF mutant tumors also have a unique clinical 

presentation in the right-sided proximal colon that is more prevalent in women and patients 

over 65 years of age (1, 2, 4). In addition, CRCs harboring BRAF mutations are often 

poorly differentiated with a mucinous histology that, unlike wild-type tumors, spread to the 

peritoneum and distant lymph nodes (1, 5). Another distinguishing characteristic of BRAF 
mutant CRCs is therapeutic resistance. In contrast to melanomas with BRAF mutations 

that are highly sensitive to BRAF kinase inhibitors, such as vemurafenib, dabrafenib and 

encorafinib, only 5% of BRAF(V600E) CRCs respond to these agents (1, 2). This distinction 

in response rates has been attributed to the marked suppression of downstream MAPK 

signaling in BRAF(V600E) melanomas and only transient inhibition of this pathway in 

BRAF(V600E) CRCs, which is associated with feedback activation of receptor tyrosine 

kinases (RTKs) (6–8). Accordingly, dabrafenib has been combined with the MEK inhibitor 

trametinib to achieve sustained MAPK suppression in BRAF(V600E) CRC cell lines (9); 

although this combination has had limited activity in patients with BRAF(V600E) CRC (2, 

3, 10). Combined targeting of (i) BRAF(V600E), EGFR and MEK, or (ii) BRAF(V600E), 

EGFR and PI3K has also had limited clinical benefit in the treatment of BRAF(V600E) 

CRCs (1–3, 11), underscoring the need for identifying other therapeutic targets for these 

recalcitrant malignancies.

The MUC1 gene encodes a non-covalent heterodimeric complex that evolved in mammals to 

protect barrier tissues from loss of homeostasis (12–14). The MUC1 N-terminal (MUC1-N) 

and C-terminal (MUC1-C) subunits are expressed at the apical borders of epithelia lining 

the gastrointestinal tract and other organs (13, 14). In response to infections and damage, 

MUC1-N is shed into a protective mucous gel and MUC1-C is activated to transduce 

inflammatory, proliferative and remodeling signals associated with wound repair (13–15). 

Prolonged activation of MUC1-C, for example in response to chronic inflammation, 

promotes carcinogenesis and the cancer stem cell (CSC) state (13–15). In this way, MUC1-

C induces the Yamanaka OCT4, SOX2, KLF4 and MYC (OSKM) pluripotency factors, 

which are repressed in somatic cells, but are reactivated in wound healing and cancer (13–

15). MUC1-C also induces the epithelial-mesenchymal transition (EMT) and epigenetic 

reprogramming by activation of the Polycomb Repressive Complexes 1 (PRC1) and PRC2 

(16). Embryonic stem cells are driven by the reorganization of chromatin at enhancers 

during reprogramming (17), in part, by the recruitment of SWI/SNF chromatin remodeling 
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complexes (18–20). Along these lines, MUC1-C activates the embryonic stem BAF (esBAF) 

and poly-bromo PBAF complexes in CSCs (21, 22) and induces chromatin remodeling 

at enhancer-like signatures in stemness-associated genes, such as NOTCH1 (23). Studies 

in a colitis model of chronic inflammation demonstrated induction of MUC1-C and the 

CSC state in progression to CRC (24). In addition, targeting MUC1-C suppressed stemness 

and the progression of colitis to colon carcinoma, supporting involvement of MUC1-C in 

resident SC lineage plasticity in this setting of chronic inflammation (24). However, it is 

not known if MUC1-C drives BRAF(V600E) CRC progression and resistance to treatment, 

which remains an unmet therapeutic challenge.

A recent meta-analysis of CRC studies found that MUC1 significantly associates with 

advanced tumor stage and poor overall survival (25); however, this work did not include 

investigation of BRAF mutation status. Whereas BRAF mutant CRCs often exhibit the MSI-

H genotype (1–3), other work has demonstrated that MUC1 has no significant association 

with MSI status in CRC (26). Thus, to our knowledge, there is no available evidence 

linking MUC1 to BRAF(V600E) mutant CRC. The present studies demonstrate that MUC1 

is upregulated in BRAF(V600E) mutant vs wild-type CRC tumors. We show that MUC1-C-

induced activation of MYC is necessary for cell cycle progression and the CSC state of 

BRAF(V600E) CRC cells. There is no known involvement of MUC1-C in regulation of 

the SHP2 phosphotyrosine phosphatase. Importantly, we report that MUC1-C is required 

for SHP2 activation and feedback induction of ERK in response to BRAF inhibitors. In 

concert with these results, we demonstrate that MUC1-C is necessary for (i) self-renewal 

and tumorigenicity of BRAF(V600E) CRC cells, and (ii) intrinsic and acquired resistance of 

BRAF(V600E) CRC cells to BRAF inhibition. These findings identify MUC1-C as a target 

for the treatment of aggressive and drug-resistant BRAF(V600E) CRCs.

2. Materials and Methods

Analysis of human CRC tumors.

Data from the Cancer Genome Atlas (TCGA) COAD cohortthat included overall 

survival (OS) and corresponding RNA-seq expression (FPKM values) were downloaded 

from TCGAbiolinks(version 2.22.1) using GDCquery. Values were converted to TPM 

(transcripts per kilobase million) for subsequent analysis. Mutation data were analyzed 

using maftools(version 2.10.5). Survival analysis was performed using the survival 

package(version 3.4.0) in R. Cox regression was used to estimate the difference in 

survival between patients with NOTCH1-high and NOTCH1-low gene expression. Available 

information on the patient’s last follow-up or time of death was used for analysis. Kaplan-

Meier curves were drawn using the R library survminer(version 0.4.9).

Cell culture.

RKO BRAF(V600E) cells (ATCC, Manassas, VA, USA) were cultured in EMEM medium 

(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine 

serum (FBS; GEMINI Bio-Products, West Sacramento, CA, USA). LS411N BRAF(V600E) 

cells (ATCC) were cultured in RPMI1640 medium supplemented with 10% FBS. Cells 

were treated with the MUC1-C inhibitor GO-203 (13–15). Authentication of the cells was 
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performed by short tandem repeat (STR) analysis. Cells were monitored for mycoplasma 

contamination using the MycoAlert Mycoplasma Detection Kit (Lonza, Rockland, MA, 

USA). Cells were maintained for 3 months when performing experiments.

Gene silencing.

MUC1shRNA (MISSION shRNA TRCN0000122938; Sigma, St. Louis, MO, USA), 

MYCshRNA (MISSION shRNA TRCN0000039642; Sigma) or a control scrambled shRNA 

(CshRNA; Sigma) was inserted into the pLKO-tet-puro vector (Plasmid #21915; Addgene, 

Cambridge, MA, USA) as described (27). The MUC1shRNA#2 (MISSION shRNA 

TRCN0000430218) was produced in HEK293T cells as described (28). Cells transduced 

with the vectors were selected for growth in 1–2 μg/ml puromycin. Cells were treated with 

0.1% DMSO as the vehicle control or 500 ng/ml DOX (Millipore Sigma).

Quantitative reverse-transcription PCR (qRT-PCR).

Total cellular RNA was isolated using Trizol reagent (Thermo Fisher Scientific). cDNAs 

were synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Grand Island, NY, USA) as described (27). The cDNA samples were amplified 

using the Power SYBR Green PCR Master Mix (Applied Biosystems) and the CFX96 

Real-Time PCR System (BIO-RAD, Hercules, CA, USA) as described (27). Primers used 

for qRT-PCR are listed in Supplementary Table S1.

Immunoblot analysis.

Total lysates prepared from non-confluent cells were subjected to immunoblot analysis using 

anti-MUC1-C (HM-1630-P1ABX, 1:1000 dilution; Thermo Fisher Scientific), anti-β-actin 

(A5441, 1:5000 dilution; Sigma-Aldrich), anti-MYC (ab32072, 1:1000 dilution; Abcam, 

Waltham, MA, USA), anti-CDK4 (12790, 1:1000 dilution; Cell Signaling Technology 

(CST), Danvers, MA, USA), anti-CDK6 (3136, 1:1000 dilution; CST), anti-p-RB (9307, 

1:1000 dilution; CST), anti-RB (9309, 1:1000 dilution; CST), anti-cyclin A2 (4656, 

1:1000 dilution; CST), Danvers, MA, USA), anti-cyclin B1 (4138, 1:1000 dilution; CST), 

anti-SHP2 (3752, 1:1000 dilution; CST), anti-p-SHP2 (3751, 1:1000 dilution; CST), anti-

BRG1 (ab110641,1:10000 dilution; CST), anti-ARID1A (12354, 1:1000 dilution; CST), 

anti-BAF155 (11956, 1:5000 dilution; CST), anti-NOTCH1 (3608, 1:1000 dilution; CST), 

anti-HES1 (11988, 1:1000 dilution; CST), anti-MEK (8727, 1:1000 dilution; CST), anti-

EGFR (2232, 1:1000 dilution); CST, anti-p-EGFR (2234, 1:1000 dilution; CST), anti-p-

MEK (9121, 1:1000 dilution; CST), anti-ERK (4695, 1:1000 dilution; CST), anti-p-ERK 

(4377, 1:1000 dilution; CST), anti-AKT (9272, 1:1000 dilution; CST) and anti-p-AKT 

(4058, 1:1000 dilution; CST).

RNA-seq analysis.

Total RNA from cells cultured in triplicates was isolated using the RNeasy Plus Mini Kit 

(Qiagen). TruSeq Stranded mRNA (Illumina, San Diego, CA, USA) was used for library 

preparation as described (29). Raw sequencing reads were aligned to the human genome 

(GRCh38.74) with STAR as described (29). Raw feature counts were normalized and 

differential expression analysis was performed using DESeq2 as described (29). The fgsea 
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(v1.8.0) package in R was used for differential expression rank order and GSEA. Gene sets 

queried included those available through the Molecular Signatures Database (MSigDB) as 

described (29).

Coimmunoprecipitation studies.

Protein lysates were immunoprecipitated with anti-SHP2 (3397, CST) or a rabbit isotype 

control IgG (3900S, CST) using the Pierce Classic Magnetic Co-IP Kit (Thermo Fisher 

Scientific).

Colony formation assays.

Cells were seeded in 24-well plates for 24 hours and then (i) treated with vehicle or 

500 ng/ml DOX, or (ii) left untreated or treated with GO-203. After 7–10 days, cells 

were stained with 0.5% crystal violet (LabChem, Zelienople, PA, USA) in 25% methanol. 

Colonies >25 cells were counted in triplicate wells.

Tumorsphere formation assays.

Cells (2–6 × 103) were seeded per well in 6-well ultra-low attachment culture plates 

(Corning Life Sciences) in DMEM/F12 50/50 medium (Corning Life Sciences) with 20 

ng/ml EGF (Millipore Sigma), 20 ng/ml bFGF (Millipore Sigma) and 1% B27 supplement 

(Gibco). In certain studies, cells were treated with (i) 500 ng/ml DOX, (ii) GO-203, (iii) 

PLX4720 (Selleck Chemicals, Houston, TX, USA) or (iv) SHP099 (Selleck Chemicals, 

Houston, TX, USA). Tumorspheres were counted under an inverted microscope in triplicate 

wells.

Isobologram analysis.

Cells (3–5×103) were seeded per well in 96 well plates (Thermo Fisher Scientific) and 

incubated for 24 hours. The cells were then left untreated or treated with 0.25 to 2 μM 

GO-203 in the presence of varying concentrations of PLX4720 for 92 hours. Cell viability 

was assessed by Alamar Blue staining and used to calculate the IC50 values of PLX4720 at 

each concentration of GO-203. Values under the additive line were denoted as synergistic.

Mouse tumor xenograft studies.

Six- to 8-week old nude mice (Taconic Farms, Germantown, NY, USA) were injected 

subcutaneously in the flank with 1–3 × 106 RKO or LS411N-BR cells in 100 μl of a 1:1 

solution of medium and Matrigel (BD Biosciences). When the mean tumor volume reached 

100–150 mm3, mice were pair-matched into groups of 6 mice each. Mice were treated 

intraperitoneally each day for 19 days with PBS or GO-203 at a dose of 12 μg/gm body 

weight in the absence and presence of oral PLX4720 administration. Irradiated PLX4720 

diet was purchased from Research Diets (New Brunswick, NJ, USA) and dosed at a 

concentration of 417 mg/kg/day. Unblinded tumor measurements and body weights were 

recorded twice each week. Mice were sacrificed on day 19 when control tumors reached 

>2000 mm3 as calculated by the formula: (width)2 x length/2. The resource equation method 

was used to determine the minimum number of mice for achieving significance (30).
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Study Approval.

The in vivo studies were conducted in accordance with ethical regulations required for 

approval by the Dana-Farber Cancer Institute Animal Care and Use Committee (IACUC) 

under protocol 03–029.

Statistics.

Each experiment was performed at least three times. Data are expressed as the mean±SD. 

The unpaired Mann-Whitney U test was used to determine differences between means of 

groups. A pvalue of <0.05 denoted by an asterisk (*) was considered statistically significant.

Data and materials availability:

The accession numbers for the RNA-seq data are GEO Submission GSE215849 and 

GSE215308.

3. Results

MUC1-C regulates cell cycle progression in BRAF(V600E) mutant CRC cells.

Analysis of the TCGA_COAD dataset demonstrated that MUC1 is significantly upregulated 

in BRAF(V600E) mutant, as compared to wild-type BRAF, CRCs (Fig. 1A). To 

investigate the potential significance of this finding, we established human RKO 

BRAF(V600E) mutant cells expressing a tet-inducible control shRNA (tet-CshRNA) 

or a tet-MUC1shRNA. Treatment with doxycycline (DOX) downregulated MUC1-C 

expression in RKO/tet-MUC1shRNA, but not tet-CshRNA, cells (Fig. 1B). RNA-seq 

analysis of RKO/tet-MUC1shRNA cells without and with MUC1-C silencing demonstrated 

that MUC1-C activates 3301 and represses 3458 genes (Fig. 1C). GSEA further 

demonstrated that silencing MUC1 associates with significant suppression of the 

BENPORATH_PROLIFERATION (Fig. 1D), BENPORATH_CYCLING_GENES (Fig. 

1E), REACTOME_CELL CYCLE_MITOTIC (Fig. 1F) and GO_MITOTIC_CELL_CYCLE 

(Supplemental Fig. S1A) gene signatures, indicating that MUC1-C is necessary for RKO 

cell cycle progression. Along these lines, silencing MUC1-C in RKO cells was associated 

with inhibition of proliferation (Supplemental Fig. S1B).

RKO BRAF(V600E) mutant cells also harbor a PIK3CA mutation, which activates the 

AKT pathway and confers intrinsic resistance to BRAFis (31). In contrast, LS411N 

BRAF(V600E) mutant cells, which express wild-type PIK3CA, exhibit upregulation of 

EGFR activation in response to loss of the ERK-mediated negative feedback pathway 

(32). Along these lines, treatment of RKO cells with the BRAFi PLX4720 demonstrated 

an IC50=11.6 μM, whereas LS411N BRAF(V600E) CRC cells are more sensitive 

to PLX472O with an IC50=2.09 μM (Fig. 2A). To establish a model of adaptive 

resistance, LS411N cells were exposed to increasing concentrations of PLX4720 and 

thereby the selection of BRAFi-resistant LS411N-BR cells (IC50=29.0 μM) (Fig. 2A). 

Analysis of RKO, LS411N and LS411N-BR cells demonstrated that LS411N-BR cells 

exhibit upregulation of (i) p-EGFR compared to RKO and LS411N cells and (ii) p-

MEK and p-ERK vs LS411N cells (Supplemental Fig. S2A). LS411N and LS411N-

BR cells were then transfected to express the tet-MUC1shRNA vector to assess the 
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effects of silencing MUC1 on their transcriptomes (Supplemental Figs. S2B and S2C). 

RNA-seq analysis demonstrated that suppression of MUC1-C expression in LS411N 

(Supplemental Fig. S2D) and LS411N-BR (Supplemental Fig. S2E) cells is associated 

with overlapping down- and up-regulated gene sets (Fig. 2B). In addition and as found 

in RKO cells, silencing MUC1 in LS411N and LS411N-BR cells was associated with 

significant suppression of the BENPORATH_PROLIFERATION (Supplemental Fig. S2F), 

BENPORATH_CYCLING_GENES (Fig. 2C) and REACTOME_CELL CYCLE_MITOTIC 

(Fig. 2D) gene signatures. Consistent with these results, analysis of downregulated genes 

in the BENPORATH _CYCLING_GENES signature demonstrated overlap with MUC1 

silencing in RKO, LS411N and LS411N-BR cells (Fig. 2E). Among these genes, we 

identified CDK6, which encodes cyclin-dependent kinase 6 (CDK6), an effector of RB 

phosphorylation, release of E2F and cell entry into S phase (33). We also identified CCNA2 
and CCNB1, which encode the cyclin A2 and cyclin B1 proteins, respectively, that activate 

CDK1, a master regulator of cell cycle progression and gene transcription (34, 35). We 

found that silencing MUC1-C in RKO cells has little effect on CDK4, but results in 

downregulation of the CDK6, p-RB, cyclin A2 and cyclin B1 proteins (Fig. 2F). We also 

found that expression of CDK6, p-RB, cyclin A2 and cyclin B1 is upregulated in LS411N-

BR vs LS411 cells (Fig. 2G) by a MUC1-C-dependent mechanism (Fig. 2H). Moreover and 

as found in RKO cells, silencing MUC1-C inhibited LS411N and LS411N-BR cell growth 

(Supplemental Fig. S2G).

MUC1-C regulates activation of MYC and SHP2 signaling in BRAF(V600E) CRC cells.

The MUC1-C cytoplasmic domain (CD) is phosphorylated by multiple RTKs and interacts 

with effectors, such as PI3K, SHC, PLCgamma and GRB2, that contribute to RTK→RAS 

signaling (Fig. 3A) (14). MUC1-C/CD also binds directly to MYC and regulates the 

expression of MYC target genes (Fig. 3A) (13–15, 36). Consistent with this function, 

silencing MUC1-C in RKO and LS411N-BR cells was associated with significant repression 

of the HALLMARK MYC TARGETS V1 gene signature (Fig. 3B). We confirmed that 

silencing MYC in RKO and LS411N-BR cells decreases CDK6, cyclin A2 and cyclin B1 

expression, supporting involvement of the MUC1-C→MYC pathway in driving cell cycle 

progression (Fig. 3C). Adjacent to the MYC binding site in MUC1-C/CD is a sequence 

(YGQLD) (Fig. 3A) that, when phosphorylated (pYGQLD), is shared with (i) pYLALD in 

GAB2 (p97), (ii) pYGELD in PD-1, and (iii) pYIDLD in IRS1 for binding of the SHP2 

phosphotyrosine phosphatase N-terminal SH2 domain (37–39). Coimmunoprecipitation 

studies demonstrated that MUC1-C associates with SHP2 in RKO and LS411N-BR cells 

(Fig. 3D). In addition and importantly, silencing MUC1-C in RKO and LS411N-BR 

cells suppressed SHP2 activation as evidenced by decreases in p-SHP2(Y542) (Fig. 3E; 

Supplemental Fig. S3A). The MUC1-C inhibitor GO-203 blocks the MUC1-C CQC motif 

that binds to MYC, inhibits MUC1-C dimerization and phenocopies the effects of MUC1-C 

silencing (13–15). Treatment of RKO and LS411N-BR cells with GO-203 inhibited the 

interaction between MUC1-C and SHP2 (Fig. 3F; Supplemental Fig. S3B) and suppressed 

p-SHP2(Y542) levels (Fig. 3G), confirming that MUC1-C is necessary for SHP2 activation. 

Notably, silencing MYC in RKO and LS411N-BR cells had no apparent effect on SHP2 

activation (Supplemental Fig. S3C). Moreover, treatment of RKO and LS411N-BR cells 

with the SHP2 inhibitor SHP099 had little if any effect on MYC, CDK6, cyclin A2 and 
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cyclin B1 expression (Supplemental Fig. S3D), in support of a model in which MUC1-C 

independently regulates (i) SHP2 activation, and (ii) the MYC→CDK6/cyclin A2/cyclin B1 

pathway.

MUC1-C activates esBAF and stemness-associated genes in BRAF(V600E) CRC cells.

CDK6-mediated RB phosphorylation promotes cell cycle entry and releases 

E2F in driving gene transcription (33). Consistent with the effects of MUC1-

C on CDK6 and p-RB, we found that silencing MUC1-C in RKO and 

LS411N-BR cells suppresses the HALLMARK E2F TARGET GENE signature 

(Fig. 4A). MUC1-C→E2F1 signaling activates the SWI/SNF esBAF chromatin 

remodeling complex (14, 21–23). Here, we found that silencing MUC1-C in 

BRAF(V600E) cells significantly suppresses (i) the GOCC_SWI_SNF_COMPLEX and 

GOCC_SWI_SNF_SUPERFAMILY_TYPE_COMPLEX gene signatures (Supplemental 

Figs. S4A and S4B) and (ii) expression of the BRG1, ARID1A and BAF155 components 

of the esBAF complex (Fig. 4B). The MUC1-C→esBAF pathway increases chromatin 

accessibility of stemness-associated genes in driving the CSC state (23). In support of those 

findings, silencing MUC1-C in RKO and LS411N-BR cells was significantly associated 

with downregulation of the BENPORATH_ES_1 signature derived from genes enriched in 

ESCs and poorly differentiated cancers (Fig. 4C) (40). Overlap of the downregulated genes 

in RKO and LS411N-BR cells identified 1773, which included NOTCH1, an important 

effector in driving the CSC state (23) (Fig. 4D). We confirmed that MUC1-C is necessary 

for expression of NOTCH1 and the downstream HES1 effector of stemness (Fig. 4E). 

Moreover, MUC1 expression in RKO and LS411N-BR cells was significantly associated 

with activation of the REACTOME_SIGNALING_BY_NOTCH gene signature (Fig. 4F). 

Of further interest, we found that MYC (Fig. 4G), but not SHP2 (Supplemental Fig. S4C), 

is necessary for NOTCH1 expression, indicating that the MUC1-C→MYC pathway, and not 

MUC1-C→SHP2 activation, drives stemness in BRAFi-resistant BRAF(V600E) CRC cells.

MUC1-C is necessary for feedback activation of p-ERK in response BRAFi treatment.

BRAFi treatment of BRAF(V600E) CRC cells is associated with feedback activation of 

the RTK→RAS→MAPK pathway and drug resistance. To determine if MUC1-C-induced 

activation of MYC and/or SHP2 plays a role in conferring BRAFi resistance, we first 

assessed the effects of silencing MUC1-C on sensitivity to PLX4720, a preclinical analog 

of vemurafenib that selectively targets BRAF(V600E). Silencing MUC1-C in RKO/tet-

MUC1shRNA cells treated with DOX significantly suppressed RKO colony formation and 

also enhanced the anti-proliferative effects of PLX4720 (Fig. 5A). Analysis of LS411N-BR/

tet-MUC1shRNA cells further demonstrated that silencing MUC1-C completely inhibits 

colony formation (Fig. 5B). These effects were associated with suppression of p-SHP2, 

p-MEK, p-ERK and p-AKT activation (Figs. 5C and 5D), consistent with downregulation 

of RTK→RAS→MAPK signaling. In addition and based on involvement of MUC1-C 

in the MYC pathway, we found downregulation of CDK6, cyclin A2 and cyclin B1 

(Supplemental Figs. S5A and S5B). By extension, treatment with GO-203 also suppressed 

colony formation and increased sensitivity to PLX4720 in RKO (Fig. 5E) and LS411N-BR 

(Fig. 5F) cells. In addition, combining GO-203 and PLX4720 (i) suppressed CDK6, cyclin 

A2 and cyclin B1 expression (Supplemental Figs. S5C and S5D), and (ii) downregulated 
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p-SHP2, p-MEK, p-ERK and p-AKT levels (Figs. 5G and 5H), indicating that MUC1-C is 

necessary for cell cycle progression and activation of the BRAFi-induced MAPK feedback 

pathway.

MUC1-C is required for self-renewal capacity of BRAF(V600E) CRC cells.

To extend these studies to effects of targeting MUC1-C and BRAF(V600E) on self-renewal 

capacity, we analyzed RKO/tet-MUC1shRNA cells growing as tumorspheres in 3D culture. 

Silencing MUC1-C was associated with a significant decrease in tumorsphere formation 

and potentiation of PLX4720 treatment (Fig. 6A). In concert with involvement of the 

MUC1-C→MYC→NOTCH1 pathway in self-renewal, we also found downregulation of 

ERK-mediated p-MYC(Ser62) activation and NOTCH1 expression (Fig. 6B). Similar results 

were obtained in studies of LS411N-BR/tet-MUC1shRNA cells (Figs. 6C and 6D). We 

confirmed that these effects of targeting MUC1-C are conferred by MYC as evidenced by 

the demonstration that silencing MYC suppresses (i) self-renewal capacity (Figs. 6E and 

6F), and (ii) NOTCH1 expression (Figs. 6G and 6H). Of further interest, treatment of RKO 

and LS411N-BR cells with SHP099 and PLX4720 inhibited self-renewal and NOTCH1 

(Supplemental Figs. S6A–S6D), indicating that MUC1-C integrates activation of MYC and 

SHP2 in the setting of BRAF(V600E) inhibition.

MUC1-C is necessary for BRAFi resistance in BRAF(V600E) CRC cells.

Dedifferentiation and lineage plasticity endows cancer cells with the capacity for 

drug resistance (41–44). The findings that MUC1-C is necessary for self-renewal of 

BRAF(V600E) CRC cells invoked the possibility that MUC1-C signaling through MYC 

or SHP2 also contributes to BRAFi resistance. Along these lines, isobologram analyses of 

RKO and LS411N-BR cells treated with different GO-203 and PLX4720 concentrations 

demonstrated synergistic activity (Figs. 7A and 7B). GO-203 treatment of RKO and 

LS411N-BR cells also potentiated the effects of PLX4720 on suppression of (i) tumorsphere 

formation (Figs. 7C and 7D), and (ii) p-MEK, p-ERK, p-MYC(Ser-62) and NOTCH1 

expression (Figs. 7E and 7F). In concert with these results, treatment of RKO and LS411N-

BR tumors with PLX4720 alone had little if any effect (Figs. 7G and 7H). By contrast, 

GO-203 as a single agent, which was administered daily because of a short circulating half-

life (45), inhibited tumor growth and the combination of GO-203 and PLX4720 was more 

effective than either agent used alone (Figs. 7G and 7H). Moreover, combining GO-203 

and PLX4720 was well tolerated as supported by the absence of significant weight loss 

(Supplemental Figs. S7A and S7B).

Induction of NOTCH1 in BRAF(V600E) vs BRAF WT CRCs is associated with poor clinical 
outcomes.

Patients with BRAF mutant CRCs have a median OS of 10.4 months vs 34.7 months for 

those with BRAF WT tumors (1–3). The basis for this difference is not known; however, 

the CSC state is associated with lineage plasticity, DNA damage resistance, immune evasion 

and poor clinical outcomes (41–44). Our findings that the MUC1-C→MYC→NOTCH1 

pathway promotes self-renewal invoked the possibility that activation of NOTCH1 

contributes to decreases in survival in patients with BRAF(V600E) CRCs. In support of 

this notion, we found that NOTCH1 expression in BRAF(V600E) CRCs is associated with 
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a significant decrease in survival (Fig. 8A). In contrast, there was no significant association 

of NOTCH1 expression with survival of patients with BRAF WT CRCs (Fig. 8B), 

supporting the potential clinical importance of the MUC1-C→MYC→NOTCH1 pathway 

in contributing to aggressiveness of BRAF(V600E) CRCs.

4. Discussion

Patients with CRCs harboring the BRAF(V600E) mutation have a substantially decreased 

median OS compared to those with wild-type BRAF tumors (1–3). BRAF(V600E) CRCs 

are also associated with BRAFi resistance resulting from feedback activation of the 

EGFR→MAPK pathway (6, 7). Attempts at targeting BRAF(600E), EGFR and MEK have 

had limited clinical activity in the treatment of BRAF(V600E) CRCs (1–3), in support of 

alternative mechanisms responsible for the associated poor survival and BRAFi resistance. 

The present work has identified upregulation of MUC1 expression in BRAF(V600E) CRCs, 

as compared to those with WT BRAF. MUC1-C is activated by chronic inflammation 

and promotes the progression of colitis to CRC (13, 24, 46). However, whether MUC1-C 

contributes to aggressiveness or drug resistance of certain CRCs has remained an unexplored 

issue. Accordingly, we studied RKO BRAF(V600E) cells and found that MUC1-C is 

necessary for the expression of cell cycle gene signatures. Similar results were obtained 

in LS411N BRAF(600E) cells, which were confirmed in both cell types with dependency 

on MUC1-C for proliferation. MUC1-C induces MYC expression and, in addition, binds to 

the MYC HLH-LZ domain (36, 47). In this way, MUC1-C regulates the expression of MYC 

target genes, that include CDK6, CCNA2 and CCNB1 (48). CDK6 phosphorylates p-RB, 

releases E2F and promotes entry into the cell cycle (33). Cyclin A2 and cyclin B1 activate 

CDK1, which also promotes cell cycle progression and gene transcription (34, 35). We 

found that silencing MUC1-C and MYC in RKO and LS411N cells suppresses CDK6, p-

RB, cyclin A2 and cyclin B1 expression, supporting the importance of the MUC1-C→MYC 

pathway for proliferation of BRAF(V600E) mutant CRC cells (Fig. 8C).

BRAF(V600E) CRCs are largely unresponsive to vemurafenib, dabrafenib and encorafinib 

(1, 2). We confirmed that RKO cells are relatively more resistant to PLX4720 compared 

to LS411N cells. Therefore, to assess the potential involvement of MUC1-C in acquired 

BRAFi resistance, we established LS411N-BR cells selected for growth in the presence 

of PLX4720. Of interest and like RKO cells, LS411N-BR cells exhibited upregulation of 

CDK6, p-RB, cyclin A2 and cyclin B1. In addition, LS411N-BR cells were dependent on 

MUC1-C for (i) expression of CDK6, p-RB, cyclin A2 and cyclin B1 and (ii) proliferation. 

These findings suggested that MUC1-C promotes BRAFi resistance, at least in part, by 

driving cell cycle progression (Fig. 8C). Along these lines, we found that targeting MUC1-C 

genetically and pharmacologically with the GO-203 inhibitor sensitizes RKO and LS411N-

BR cells to PLX4720-mediated inhibition of proliferation as determined by the capacity for 

colony formation. Unresponsiveness of BRAF(V600E) CRC cells to BRAF inhibition has 

been linked to reactivation of RTK→RAS→MAPK signaling (6–8, 49). SHP2 functions 

as an activator of RTK signaling and confers resistance to targeted agents (50–52). 

Nonetheless, it was not known if SHP2 confers BRAFi resistance in BRAF(V600E) CRCs. 

Based on the identification of a consensus motif in the MUC1-C cytoplasmic domain for 

binding of the SHP2 N-terminal SH2 domain, we found that MUC1-C forms a complex 
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with SHP2. The functional importance of this interaction was documented by the finding 

that silencing MUC1-C suppresses p-SHP2(Y542) phosphorylation. In addition, targeting 

MUC1-C with the GO-203 inhibitor disrupted the MUC1-C/SHP2 complex and inhibited 

p-SHP2(Y542) activation. By contrast, silencing MYC had no effect on SHP2 activation, 

indicating that MUC1-C activates SHP2 by a MYC-independent mechanism (Fig. 8C). 

In addition, targeting SHP2 had no apparent effect on the MUC1-C→MYC pathway, 

which is necessary for NOTCH1 expression and self-renewal capacity (Fig. 8C). These 

findings supported a model in which MUC1-C integrates MYC and SHP2 signaling in the 

BRAF(V600E) setting (Fig. 8C).

The CSC state and lineage plasticity confer resistance to targeted anti-cancer agents (41–

44, 53, 54). MUC1-C contributes to lineage plasticity by inducing EMT and epigenetic 

reprogramming with activation of PRC1 and PRC2 (16). In addition, MUC1-C→E2F1 

signaling drives the CSC state by activating the SWI/SNF esBAF chromatin remodeling 

complex and thereby increasing chromatin accessibility and expression of NOTCH1 and 

other stemness genes (Fig. 8C) (14, 21, 23). These and other findings have collectively 

supported dependency of CSCs on MUC1-C for self-renewal, tumorigenicity and the 

memory response for drug resistance (13–15, 55–58). The present work extends these 

findings to BRAF(V600E) CRC and supports targeting of MUC1-C for the treatment 

of patients with these recalcitrant tumors. Importantly, we found that targeting MUC1-C 

genetically and pharmacologically blocks BRAFi-induced feedback activation of ERK, 

which confers resistance of BRAF(V600E) CRCs to BRAF inhibition. We also found that 

targeting MUC1-C blocks BRAFi-induced AKT activation, which has similarly been linked 

to BRAFi resistance (11). Of note, our results in these class 1 BRAF(V600E) mutant 

CRC cells may extend to other subgroups, such as those in class 2 with BRAF mutations 

in codons 597/601 and in class 3 harboring BRAF mutations in codons 594/596 (59). 

Additional studies will therefore be needed to investigate the involvement of MUC1-C in 

these less common CRCs with non-BRAF(V600E) mutations, which are reliant on RTKs for 

MAPK activation (60).

Of potential relevance for the findings in BRAFi resistant CRCs, MUC1-C also confers 

resistance of CRC, breast cancer and other types of cancer cells to genotoxic anti-cancer 

agents (55, 61). Targeting MUC1-C reverses that resistance and is synergistic with these 

agents against DNA damage resistant cancer cells (13, 55, 61). MUC1-C also promotes 

resistance to targeted agents, such as tamoxifen, trastuzumab and afatinib, and inhibiting 

MUC1-C function is synergistic with these agents in settings of their corresponding resistant 

cells (56, 57, 62). These findings and those in the present work indicate that MUC1-C drives 

pleotropic mechanisms of resistance, which relate to stress-induced memory responses 

with imprinting of epigenetic reprogramming and chromatin remodeling (13, 14). In this 

regard, the MUC1-C cytoplasmic domain interacts with effectors, such as STAT3 and 

NF-kB, which are activated in anti-cancer agent resistant cells and form auto-inductive 

loops that in turn induce MUC1 expression (14). The present results lend further support 

to this auto-inductive MUC1-C-driven memory response of BRAF(V600E) CRC cells 

in association with upregulation of MUC1 expression BRAF(V600E) CRC tumors. Our 

findings that targeting MUC1-C genetically and pharmacologically with GO-203 reverses 

BRAFi resistance in vitro and in the tumor xenograft studies uncover the potential 
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importance of anti-MUC1-C agents for the treatment of BRAF(V600E) CRCs. Along 

these lines, the in vivo treatment studies were performed with GO-203 because of the 

translational importance associated with using this agent rather than DOX-induced MUC1-C 

silencing. Among potential anti-MUC1-C agents, allogeneic CAR T cells targeting MUC1-

C-expressing cancers are now under clinical evaluation (NCT05239143). In addition, an 

anti-MUC1-C antibody drug conjugate (ADC) is under development with the NCI NExT 

Program for IND-enabling studies and early phase clinical trials (63). Phase I clinical 

evaluation of daily intravenous GO-203 administration demonstrated that this agent has an 

acceptable safety profile for combination studies (13). GO-203 has thus been formulated in 

nanoparticles for more convenient dosing schedules of once or twice a week in the clinic 

(45). Taken together with the present findings and the upregulation of MUC1 expression 

in BRAF(V600E) tumors, the availability of these anti-MUC1-C agents could improve the 

treatment of patients with this recalcitrant cancer when used alone and in combination with 

BRAF inhibitors.
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Figure 1. MUC1-C regulates cell cycle genes in RKO BRAF(V600E) cells.
A. Analysis of MUC1 expression in the indicated CRC tumor types using the TCGA-COAD 

dataset. B. RKO/tet-CshRNA and RKO/tet-MUC1shRNA cells treated with vehicle or 500 

ng/ml DOX for 7 days were analyzed for MUC1-C mRNA levels by qRT-PCR. The 

results (mean±SD of four determinations) are expressed as relative levels compared to that 

obtained for vehicle-treated cells (assigned a value of 1) (left). Lysates were immunoblotted 

with antibodies against the indicated proteins (right). C. RNA-seq was performed in 

triplicate on RKO/tet-MUC1shRNA cells treated with vehicle or DOX for 7 days. The 

datasets were analyzed for effects of MUC1-C silencing on down- and upregulated 
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genes as depicted in the Volcano plot. D-F. GSEA of RNA-seq data from control and 

DOX-treated RKO/tet-MUC1shRNA cells using the BENPORATH_PROLIFERATION (D), 

BENPORATH_CYCLING_GENES (E) and REACTOME_CELL CYCLE_MITOTIC (F) 

gene signatures.
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Figure 2. MUC1-C drives cell cycle gene expression in LS411N BRAF(V600E) cells with 
acquired BRAFi resistance.
A. LS411N BRAF(V600E) cells were selected for growth in increasing concentrations of 

PLX4720 to establish BRAFi-resistant LS411N-BR cells. LS411N and LS411N-BR cells 

incubated in the presence of the indicated PLX4720 (PLX) concentrations for 96 hours 

were analyzed for cell viability by AlamarBlue staining. The results are expressed as the 

mean±SD of six determinations. Indicated are the calculated IC50 values. B. RNA-seq was 

performed in triplicate on LS411N/tet-MUC1shRNA and LS411N-BR/tet-MUC1shRNA 

cells treated with vehicle or DOX for 7 days. The datasets were analyzed for effects of 

MUC1-C silencing on overlapping down- and up-regulated genes. C and D. GSEA of 

RNA-seq data from control and DOX-treated LS411N/tet-MUC1shRNA (left) and LS411N-

BR/tet-MUC1shRNA (right) cells using the BENPORATH_CYCLING_GENES (C) and 

REACTOME_CELL CYCLE_MITOTIC (D) gene signatures. E. Overlap of MUC1-C-

activated genes in the indicated cells. F. Lysates from RKO/tet-MUC1shRNA cells treated 

with vehicle or DOX for 7 days were immunoblotted with antibodies against the indicated 

proteins. G and H. Lysates from (i) LS411N and LS411N-BR cells (G), and (ii) LS411N-

BR/tet-MUC1shRNA cells treated with vehicle or DOX for 7 days (H) were immunoblotted 

with antibodies against the indicated proteins.

Morimoto et al. Page 19

Cancer Lett. Author manuscript; available in PMC 2024 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. MUC1-C regulates activation of MYC and SHP2 signaling in BRAF(V600E) CRC cells.
A. Schema of the MUC1-C subunit with the 58 aa extracellular domain (pink), 28 aa 

transmembrane domain (yellow) and 72 aa cytoplasmic domain (CD; blue). The CQC 

motif binds directly to the MYC HLH LZ domain and regulates MYC target genes. 

Also depicted are sites phosphorylated by the indicated TKs and the resulting binding 

motifs for SH2 domains of downstream effectors. B. GSEA of RNA-seq data from 

control and DOX-treated RKO/tet-MUC1shRNA and LS411N-BR/tet-MUC1shRNA cells 

using the HALLMARK_MYC_TARGETS_V1 gene signature. C. Lysates from RKO/tet-

MYCshRNA and LS411N-BR/tet-MYCshRNA cells treated with vehicle or DOX for 7 

days were immunoblotted with antibodies against the indicated proteins. D. Lysates from 

RKO and LS411N-BR were precipitated with a control IgG or anti-SHP2. The precipitates 

were immunoblotted with antibodies against the indicated proteins. E. Lysates from RKO/

tet-MUC1shRNA and LS411N-BR/tet-MUC1shRNA cells treated with vehicle or DOX for 

7 days were immunoblotted with antibodies against the indicated proteins. F. Lysates from 

RKO cells left untreated or treated with 5 μM GO-203 for 48 hours were precipitated with 

a control IgG or anti-SHP2. The precipitates were immunoblotted with antibodies against 

the indicated proteins. G. Lysates from RKO and LS411N-BR cells left untreated or treated 

with 5 μM GO-203 for 48 hours were immunoblotted with antibodies against the indicated 

proteins.
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Figure 4. MUC1-C activates esBAF and stemness-associated genes in BRAF(V600E) CRC cells.
A. GSEA of RNA-seq data from control and DOX-treated RKO/tet-MUC1shRNA (left) 

and LS411N-BR/tet-MUC1shRNA (right) cells using the HALLMARK_E2F_TARGETS 

gene signature. B. Lysates from RKO/tet-MUC1shRNA and LS411N-BR/tet-MUC1shRNA 

cells treated with vehicle or DOX for 7 days were immunoblotted with antibodies 

against the indicated proteins. C. GSEA of RNA-seq data from control and DOX-treated 

RKO/tet-MUC1shRNA (left) and LS411N-BR/tet-MUC1shRNA (right) cells using the 

BENPORATH_ES_1 gene signature. D. Overlap of MUC1-C-regulated genes in the 

indicated cells. E. Lysates from RKO/tet-MUC1shRNA and LS411N-BR/tet-MUC1shRNA 

cells treated with vehicle or DOX for 7 days were immunoblotted with antibodies 

against the indicated proteins. F. GSEA of RNA-seq data from control and DOX-

treated RKO/tet-MUC1shRNA (left) and LS411N-BR/tet-MUC1shRNA (right) cells using 

the REACTOME_SIGNALING_BY_NOTCH gene signature. G. Lysates from RKO/tet-

MYCshRNA and LS411N-BR/tet-MYCshRNA cells treated with vehicle or DOX for 7 days 

were immunoblotted with antibodies against the indicated proteins.
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Figure 5. Targeting MUC1-C potentiates the growth inhibitory effects of PLX4720 on BRAFi-
resistant BRAF(V600E) CRC cells.
A and B. Representative images of colonies for RKO/tet-MUC1shRNA (A) and LS411N-

BR (B) cells treated with vehicle or DOX for 7 days and then for an additional 7 and 

10 days, respectively, in the absence and presence of 2 μM PLX4720. Colony number 

is expressed as the mean±SD of three independent replicates relative to that obtained for 

untreated cells. C and D. Lysates from RKO cells (C) and LS411N-BR cells (D). E-H. 
Representative images of colonies for RKO (E) and LS411N-BR (F) cells treated with 
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vehicle or 5 μM GO-203 for 7 and 10 days, respectively, in the absence and presence of 2 

μM PLX4720. Colony number is expressed as the mean±SD of three independent replicates 

relative to that obtained for untreated cells. Lysates were immunoblotted with antibodies 

against the indicated proteins (G,H).
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Figure 6. Targeting MUC1-C potentiates the effects of PLX4720 on self-renewal capacity of 
BRAFi-resistant BRAF(V600E) CRC cells.
A and B. Representative images of tumorspheres for RKO/tet-MUC1shRNA cells treated 

with vehicle or DOX for 7 days and then for an additional 7 days in the absence and 

presence of 2 μM PLX4720. Bar represents 50 microns. Tumorsphere formation is expressed 

as the mean±SD of three independent replicates relative to that obtained for untreated 

cells (A). Lysates were immunoblotted with antibodies against the indicated proteins (B). 

C and D. Representative images of tumorspheres for LS411N-BR/tet-MUC1shRNA cells 

treated with vehicle or DOX for 7 days and then for an additional 7 days in the absence 

and presence of 2 μM PLX4720. Tumorsphere formation is expressed as the mean±SD of 

three independent replicates relative to that obtained for untreated cells (C). Lysates were 
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immunoblotted with antibodies against the indicated proteins (D). E and F. Representative 

images of tumorspheres for RKO/tet-MYCshRNA (E) and LS411N-BR/tet-MYCshRNA (F) 

cells treated with vehicle or DOX for 7 days and then for an additional 7 days in the absence 

and presence of 2 μM PLX4720. Tumorsphere formation is expressed as the mean±SD of 

three independent replicates relative to that obtained for untreated cells. G and H. Lysates 

were immunoblotted with antibodies against the indicated proteins.
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Figure 7. Targeting MUC1-C reverses BRAFi resistance in BRAF(V600E) CRC tumors.
A and B. Cells were left untreated or treated with 0.5, 1 and 2 μM GO-203 (A) or 0.25 

and 0.5 μM GO-203 (B) in the presence of the indicated concentrations of PLX4720. 

Cell viability was assessed by Alamar blue staining and used to calculate the IC50 

values of PLX4720 at each concentration of GO-203. Values under the additive line were 

denoted as synergistic. C and D. Representative images of tumorspheres for RKO (C) and 

LS411N-BR (D) cells treated with vehicle or 5 μM GO-203 in the absence and presence 

of 2 μM PLX4720 for 7 days. Tumorsphere formation is expressed as the mean±SD of 

three independent replicates relative to that obtained for untreated cells. Lysates were 

immunoblotted with antibodies against the indicated proteins (E,F). G and H. Six-week 

old nude mice were injected subcutaneously in the flank with 1 × 106 RKO (G) or 3 

× 106 LS411N-BR (H) cells. Mice pair-matched into four groups of 6 mice each when 

tumors reached 100–150 mm3 were treated with vehicle control (blue), PLX4720 (orange), 
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GO-203 (grey), and GO-203 plus PLX4720 (yellow) for 19 days. Tumor volumes are 

expressed as the mean±SEM for six mice. These studies were terminated on day 19 when 

the GO-203-treated mice were sacrificed because of tumors exceeding a volume permitted in 

the protocol.
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Figure 8. Dependence of BRAF(V600E) CRC cells on MUC1-C for self-renewal and BRAFi 
resistance.
A and B. Kaplan-Meier (KM) curves for overall survival of patients with BRAF (V600E) 

(A) and BRAF WT (B) CRCs. Purple and blue lines show KM curves of patients 

with NOTCH1-high and NOTCH1-low tumors, respectively. C. Proposed model based 

on the findings that MUC1-C forms complexes with MYC and SHP2 in BRAF(V600E) 

CRC cells. The MUC1-C®MYC pathway induces effectors of cell cycle progression 

and the NOTCH1 stemness factor in driving self-renewal and tumorigencity. MUC1-

C®E2F1 signaling induces esBAF with increases in chromatin accessibility and activation 

of genes encoding stemness factors, such as NOTCH1, and the memory response. In 
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addition, MUC1-C associates with SHP2 and is necessary for p-SHP2(Y542) activation. 

MUC1-C→p-SHP2(Y542) signaling induces p-MEK, p-ERK and p-AKT, which promote 

BRAFi resistance by feedback stimulation of RTKs. Targeting MUC1-C genetically and 

pharmacologically suppresses (i) p-SHP2(Y542) activation, (ii) induction of p-MEK, p-ERK 

and p-AKT, and (iii) BRAFi resistance. In this way, MUC1-C-induced activation of the 

MYC, E2F1 and SHP2 pathways integrates the CSC state with targeted BRAF(V600E) 

inhibitor resistance.
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