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BRAF inhibitor monotherapy appears to be ineffective in BRAFV600E-positive colorectal cancer (CRC) as a result of
inherent EGFR-mediated resistance mechanisms. This concept initiated combinatorial treatment approaches.
Nevertheless, BRAF inhibition in isogenic CRC cell lines induced enhanced cell-cell adhesion and differentiation,
underlining a potential benefit of BRAF inhibitors in CRC.

Colorectal cancer (CRC) is a heteroge-
neous disease characterized by a diverse set
of genetic aberrations. The serine/threo-
nine kinase BRAF, which is part of the
mitogen-activated protein kinase (MAPK)
pathway, is constitutively activated by the
V600E mutation in 11% of CRCs.1 This
pathway controls a variety of tumor-pro-
moting processes, including proliferation,
survival, differentiation, migration, and
invasion.

The frequency of BRAF mutations dif-
fers between microsatellite instable (MSI)
versus microsatellite stable (MSS) CRCs,
with higher frequencies in MSI tumors.1,2

However, BRAF-mutant MSS CRCs are
associated with aggressive behavior and a
distinct pattern of metastatic spread, and
predict a poor prognosis.1,3 Recently, it
has become clear that serrated polyps har-
bor BRAF or KRAS mutations and repre-
sent a histological subtype that progresses
to serrated adenocarcinomas. Moreover,
BRAFV600E was identified as an early-stage
event in the serrated pathway of carcino-
genesis.4 The clinical benefit of BRAF
inhibitors such as vemurafenib and dabra-
fenib in BRAF-mutant melanoma also led
to phase I extension trials in CRC.
Although clinical data on single-agent
vemurafenib treatment in CRC patients
are limited, they indicate unresponsiveness
to RAF inhibition.5 Two studies attribute

this finding to rapid feedback activation of
the epidermal growth factor receptor
(EGFR) in BRAF inhibitor-treated cells.6,7

Corcoran et al. showed that vemurafenib
treatment leads to reactivation of extracel-
lular-signal regulated kinase (ERK) signal-
ing by EGFR-mediated activation of Ras,
CRAF, and AKT.7 Prahallad and col-
leagues described feedback activation of
the EGFR via inhibition of the ERK-
induced phosphatase CDC25C, which
dephosphorylates the EGFR.6 These stud-
ies have initiated a series of ongoing com-
bination trials involving BRAF or MAPK/
ERK kinase (MEK) inhibitors in combi-
nation with therapeutic antibodies target-
ing the EGFR (www.clinicaltrials.gov).

Recently, we analyzed the effects of
BRAF and MEK inhibitors, as well as
allele-specific knockdown of BRAFV600E,
on the behavior of the BRAF-mutant
CRC cell lines HT29 and Colo-205 in
3-dimensional (3D) tissue culture, an
experimental system that more closely
mimics tissue organization.8 Our results
complement the findings of Corcoran and
Prahallad in conventional tissue culture by
showing a similar rebound of AKT phos-
phorylation. Interestingly, the transcrip-
tomic profile of PLX4720-treated 3D
cultures revealed additional potential resis-
tance mechanisms that could interfere
with RAF inhibitor sensitivity. First, we

observed that CDC25C was regulated not
only at the protein level by ERK-mediated
feedback as described by Prahallad et al.,6

but also at the transcriptional level.8 Sec-
ondly, and in addition to the rapid phos-
phorylation-driven CDC25C-mediated
feedback, we observed the loss of expres-
sion of ERBB receptor feedback inhibitor
1 (ERRFI1, also known as MIG-6) pro-
tein, a well-established negative regulator
of EGFR signaling. Moreover, we
observed that oncogenic BRAF signaling
induces the expression of cell migration
inducing protein (CEMIP, also known as
KIAA1199), a protein of ill-defined func-
tion that is overexpressed in a variety of
solid tumors and is associated with migra-
tory and invasive traits.9 Recently, Shostak
and colleagues showed that CEMIP can
directly bind to the EGFR and promote
EGFR stability and signaling by interfer-
ing with lysosomal degradation in cervical
and breast cancer cells.9 Although we have
not addressed the role of CEMIP in
EGFR signaling in our CRC models, the
data of Shostak et al. and our study sug-
gest that the interplay between MAPK-
regulated proteins and feedback-regulated
receptor tyrosine kinases (RTKs) is com-
plex, multilayered in a spatiotemporal
sense, and probably cell type- and con-
text-dependent. These findings further
highlight the need for a detailed

© Ricarda Herr and Tilman Brummer
*Correspondence to: Tilman Brummer; Email: tilman.brummer@zbsa.de; Ricarda Herr; Email: Ricarda.herr@zbsa.de
Submitted: 12/14/2014; Revised: 12/19/2014; Accepted: 12/20/2014
http://dx.doi.org/10.1080/23723556.2014.1002709

This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The
moral rights of the named author(s) have been asserted.

www.tandfonline.com e1002709-1Molecular & Cellular Oncology

Molecular & Cellular Oncology 2:4, e1002709; October/November/December 2015; Published with license by Taylor & Francis Group, LLC

AUTHOR'S VIEW

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/


understanding of the signaling networks
in CRC for the rational design of effective
combination therapies.

Although BRAF inhibitors will almost
certainly be used in CRC therapy as part
of a combinatorial regimen, we reasoned
that it would be important to analyze the
effects of BRAF loss or inhibition as a sin-
gle perturbation on cellular processes such
as migration, invasion, and adhesion.
Indeed, BRAFV600E depletion or inhibitor
treatment reduced the migratory and inva-
sive behavior of the CRC cell line models.8

Surprisingly, global gene expression analy-
sis revealed induction of a differentiation
signature and downregulation of several
invasion-associated genes in PLX4720-
treated 3D cultures (Fig. 1A). Most strik-
ingly, caudal type homeobox 2 (CDX-2), a
tumor suppressor and master transcription
factor of intestinal differentiation, was
upregulated in response to BRAF depletion
or inhibition in a set of BRAF-mutant
CRC cell lines. This was confirmed by
experiments in vivo in which HT29 xeno-
grafts presented with CDX-2-positive glan-
dular structures. As loss of CDX-2 is
associated with tumor stage and is fre-
quently observed at the invasive front of
colorectal tumors,2,10 our finding that the
BRAF/MEK/ERK axis suppresses CDX2

expression is of particular interest as it links
loss of this homeobox transcription factor
to endogenously expressed BRAFV600E for
the first time. To date, loss of CDX2
expression has been attributed to epigenetic
mechanisms, signaling pathways including
the Wnt, Notch, c-Jun N-terminal kinase
(JNK), and ERK pathways, or epithelial-
mesenchymal transition (EMT) regula-
tors.2,10 Although the negative correlation
between BRAFV600E mutation status,
tumor location, and CDX-2 loss has
increasingly been established in recent his-
topathological studies,2 the mechanisms
underlying these correlations have so far
remained elusive. Furthermore, many of
the differentiation-associated genes that we
found to be upregulated following
BRAFV600E inhibition are well-known or
potential CDX-2 target genes, such as clau-
din 1 and a-methylacyl-CoA racemase
(AMACR) (Fig. 1B). This finding is con-
sistent with the role of CDX-2 as a master
regulator of intestinal morphogenesis and
suggests that an entire suite of genes con-
trolling epithelial differentiation and effec-
tor functions is suppressed by BRAFV600E

via repression of this transcription factor.
Our findings have several implications.

Firstly, as differentiation indicates a more
benign behavior of CRCs, its induction

by inhibition of the BRAF/MEK-axis
could reduce the risk of metastasis. On
one hand, this could be a potential benefit
in combination therapies, as the migration
of disseminated cells that are already in
the circulation to presumptive metastatic
niches is slowed down. On the other
hand, differentiation might have adverse
effects if it favors the colonization of
already disseminated cancer cells by pro-
moting cell-cell adhesion. However, as a
more differentiated phenotype often con-
fers increased sensitivity toward chemo-
therapy, such micrometastases might
become better targets for conventional
strategies. Thus, it remains to be clarified
whether BRAF inhibitors do indeed coun-
teract metastasis and/or sensitize tumor
cells to standard chemotherapy.
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Figure 1. BRAFV600E-mediated effects associated with tumor progression. (A) Besides its well-known effects on proliferation and survival, BRAFV600E sig-
naling is also involved in the regulation of migration and invasion, stemness, and differentiation. The listed gene products were identified as differentially
regulated in PLX4720-treated or BRAFV600E-depleted 3D Matrigel cultures of colorectal cancer (CRC) cell lines.8 (B) Model linking BRAFV600E signaling to an
undifferentiated phenotype via repression of CDX2. For details see Herr et al.8 AMACR, a-methylacyl-CoA racemase; ANXA13, annexin A13; CDH17, cad-
herin 17 (also known as liver-intestine “LI” cadherin); CDX-2, caudal type homeobox 2; CEMIP, cell migration inducing protein; CES1, carboxylesterase 1;
CLDN1, claudin 1; HPGD, hydroxyprostaglandin dehydrogenase 15-(NAD); TFF3, trefoil factor 3.
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